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PART 1 
OPTICAL SUPERHETERODYNE RECEIVER 
1.1 INTRODUCTION 
An ope ra t iona l  model of the  o p t i c a l  superheterodyne r e c e i v e r ,  completely 
analogous t o  a r a d i o  frequency r ece ive r ,  has been designed, cons t ruc ted ,  and 
t e s t e d  f o r  NASA by the  A p p l i e d  Research Laboratory of Sylvania E lec t ron ic  S y s -  
tems, a Divis ion of Sylvania  E l e c t r i c  Products Inc .  The r e c e i v e r ,  which oper- 
a t e s  a t  6328 A and i s  mounted i n  a mobile van, can coherent ly  d e t e c t  s i g n a l s  
from a remote l a s e r  t r a n s m i t t e r .  The r ece ive r  i s  immediately app l i cab le  t o  
both coherent  and noncoherent communications experiments from a i r  t o  ground 
o r  space t o  ground, inc luding  the  proposed Laser Communications S a t e l l i t e  Ex- 
periment of the  Apollo Applicat ions Program. 
0 
l 
Included i n  t h e  r e c e i v e r  are f a c i l i t i e s  f o r :  
1) An automatic frequency c o n t r o l  system t h a t  allows the  l o c a l  
-"-:l-l-+-- c CL- _ _ ^ _ ^  2 _ _ ^ _ _  C ^  - - - L - - . . L 2 - - l l - -  L _ _ - _  1. A-1.- L _ _ _  
U~LLIIOLUL VL L L L C  L C C C L V C L  LU a u L v u t a L i L a L i y  L L ~ L : K  LLIC ~ ~ a i 1 5 -  
m i t t e r  frequency over a 1-GHz Doppler frequency range. 
2) An automatic angle  t r ack ing  servo system that allows the  re- 
c e i v e r  t o  t r a c k  a s a t e l l i t e - b o r n e  t r a n s m i t t e r  moving a t  angular  
r a t e s  a s  high a s  4 mil l i rad ians /second wi th  an rms accuracy of 
2 5 microradians . 
3)  Amplitude and frequency modulation de tec t ion  of t e l e v i s i o n  
bandwidth information s igna l s  imposed upon the  o p t i c a l  c a r r i e r  
a t  the  t r a n s m i t t e r .  
F igure  1 i s  a block diagra-n of the r e c e i v e r .  Figure 2 shows the  phys ica l  
s t r u c t u r e  of the  o p t i c s  and the  a s soc ia t ed  phototubes of the  r e c e i v e r  and 
Figure 3 shows t h e  e l e c t r o n i c s  port ion of t he  r ece ive r .  
This equipment, t he  f i r s t  prototype of an ope ra t iona l  coherent  l a s e r  com- 
municat ions system t o  emerge frIDm the  l abora to ry ,  has been used i n  series of 
communications experiments.  
The communications experiments, designed t o  eva lua te  the  Op t i ca l  Super- 
heterodyne Receiver and a l s o  compare coherent and noncoherent o p t i c a l  de t ec to r  
techniques ,  have r e s u l t e d  i n  obtaining t y p i c a l  fad ing  da ta  f o r  the  above-men- 
t i oned  techniques.  The experiments were performed over a 1-kilometer path,  
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using a remote laser t r a n s m i t t e r  and the  o p t i c a l  superheterodyne a s  a r e c e i v e r .  
Both long and short- term r e s u l t s  have been obtained. These da t a ,  plus  results 
of frequency modulation experiments,  provide information f o r  t he  comparison 
of a noncoherent amplitude modulation system, a coherent  amplitude modulated 
system, and a coherent  frequency modulated system. In  genera l ,  t he  present  
r e s u l t s  show the  s u p e r i o r i t y  of noncoherent de t ec t ion  techniques when the  sys-  
tem i s  not  l imi t ed  by background r a d i a t i o n  noise .  I n  t he  f u t u r e ,  we  expect 
the coherent  performance t o  be improved, t h e  ex ten t  of which i s  not  now known. 
1 . 2  OPTICAL SUPERHETERODYNE RECEIVER 
1 . 2 . 1  General Descr ipt ion 
A diagram of the  o p t i c a l  superheterodyne r e c e i v e r  i s  shown i n  Figure 1. 
1 The superheterodyne o p t i c s ,  a Mersenne te lescope ,  c o n s i s t s  of two concave, 
confocal  parabolo ida l  r e f l e c t o r s .  The rece ived  rays  a r e  r e f l e c t e d  from the  
t r ack ing  mir ror  t o  the  p r imary  parabol ic  mir ror  and thence t o  t h e  secondary 
beam-forming parabola.  The s i g n a l  i s  then  mixed wi th  the  l o c a l  s i g n a l  a t  t h e  
mir ror  adder and the  r e s u l t a n t  bea t  de tec ted  by the  photomul t ip l ie r .  
2 The r ece ive r  uses  a p rec i s ion  angle  t r ack ing  servo-cont ro l led  mirror  
t o  maintain alignment between the  incoming s i g n a l  and t h e  r ece ive r  te lescope.  
Another o p t i c a l  s i g n a l  takeoff  provides angular  da t a  t o  an image d i s s e c t o r  
photomul t ip l ie r  t o  c o n t r o l  the  t racking  mir ror .  
The beat-frequency output  of the photomul t ip l ie r  i s  f ed  t o  a ~O-MHZ, 
- +4-MHz in te rmedia te  frequency ampl i f i e r  and thence t o  a l imi t e r -d i sc r imina to r  
combination. The low-frequency output of t he  d iscr imina tor  output  i s  ampli- 
f i e d  and used  t o  c o n t r o l  the l o c a l  o s c i l l a t o r  t o  provide automatic frequency 
c o n t r o l .  The l o c a l  o s c i l l a t o r  i s  a vol tage- tuned Spec t ra  Physics, Inc.  Model 
- 
1. King, Henry C .  The His tory  of the  Telescope, Sky Publ ishing Corp., 
Cambridge, Massachusetts,  1959. 
2 .  R .  F .  Lucy, C .  J. Pe te r s ,  E .  J .  McGann, and K. T. Lang, "P rec i s ion  Laser 
Automatic Tracking System," Applied Optics ,  vo l .  5, pp. 517-524; 
A p r i l  1966. 
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119 s ingle-frequency laser. I n i t i a l  search  and frequency a c q u i s i t i o n  i s  per- 
formed manually. An FM and AM coherent  s i g n a l  ou tput  i s  provided i n  add i t ion  
t o  a noncoherent ou tput  t o  measure o p t i c a l  power. I n t e r f e r e n c e  type o p t i c a l  
f i l t e r s  a r e  used i n  f r o n t  of both t h e  r e c e i v e r  and t r ack ing  d e t e c t o r s .  
The r ece ive r  o p t i c s  are shown i n  Figure 2 and the  e l e c t r o n i c s  are  shown 
i n  Figure 3. I n  a d d i t i o n  t o  the  necessary e l e c t r o n i c s ,  a mult ichannel  tape  
recorder  wi th  buf fer  a m p l i f i e r s  t o  record  s i g n a l  da t a  during experiments i s  
a l s o  shown. 
1 . 2 . 2  Optics  
The primary mi r ro r  of t he  Mersenne t e l e scope  i s  a 2 .44-meter  f o c a l  
length ,  20.3-cm diameter paraboloid f igu red  t o  an  accuracy of 1/50 wavelength. 
The secondary mir ror  i s  an 18.8-cm f o c a l  length ,  7.6-cm diameter paraboloid 
a l s o  f igu red  t o  an accuracy of 1/50 wavelength. 
t he  primary t o  the common focus subtends 83.5 m i l l i r a d i a n s  and only f i l l s  a 
1.57-cm diameter a r e a  a t  the  secondary co l l ima t ion  mi r ro r .  The l o c a l  o s c i l l a -  
t o r  co l l ima t ion  l ens  i s  approximately an f /75 ,  1.15-meter f o c a l  l eng th  l e n s .  
The r a y  budle converging from 
I n  order  t o  inc rease  the  s e n s i t i v i t y  of t h e  o p t i c a l  heterodyne r e c e i v e r ,  
t h e  o p t i c s  are designed t o  i n t e r c e p t  and c o l l e c t  as much energy as poss ib l e .  A 
somewhat d i f f e r e n t  s e t  of r u l e s  i s  r equ i r ed  f o r  t h e  design of such a c o l l e c t -  
ing  system as compared t o  ord inary  t e l e scope  mi r ro r  design.  I n  t e l e scope  de- 
s i g n  the  goa l  i s  t o  focus a l l  the energy from an o b j e c t  po in t  t o  a correspond- 
i n g  poin t  i n  t h e  image plane. Point  t o  po in t  image phase r e l a t i o n s h i p s  are 
not  a primary cons idera t ion .  In  the  o p t i c s  f o r  an o p t i c a l  heterodyne r e c e i v e r  
t h e  phase r e l a t i o n s h i p s  are of t h e  utmost importance. The main goa l  i s  t o  
coherent ly  add the s i g n a l  c o l l e c t e d  from a coherent  source w i t h  a l o c a l  o s c i l -  
l a t o r  and produce a maximum heterodyne s i g n a l .  
A t u rbu len t  atmosphere con ta in ing  a i r  blobs of d i f f e r e n t  index of re- 
f r a c t i o n  can produce angular  dev ia t ions  of the propagated beam i n  i t s  e n t i r e t y  
o r  i n  p a r t .  The s i z e  of the  atmospheric b lobs  o r  t u rbu lons ,  as compared t o  
the  beam s i z e ,  determines whether t h e  beam l i n e  of s i g h t  i s  dev ia t ed  or  whether 
t h e  beam i s  i n t e r n a l l y  d is rupted .  
1-6 
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Angular f l u c t u a t i o n s  of t h e  input  s i g n a l  produce angular  misalignments 
be-tween the  s i g n a l  and t h e  l o c a l  o s c i l l a t o r  t h a t  w i l l ,  i n  t u rn ,  produce h e t e r -  
odyne s i g n a l  f ad ing  e f f e c t s .  If the e n t i r e  wavefront a t  t he  a p e r t u r e  inpu t  
i s  t i l t e d ,  then t h e  s p a t i a l  t r ack ing  m i r r o r  provides  a means of e l i m i n a t i n g  
the v a r i a t i o n s  t h a t  are w i t h i n  the  30-Hz response and +25 microradian  r m s  
t r ack ing  accuracy l i m i t s  of t h e  servo. 
- 
Angular f l u c t u a t i o n s  can occur a t  h ighe r  f requencies .  I n  a d d i t i o n ,  t h e  
r ece ived  beam can be composed of many groups of r a y s  of d i f f e r e n t  angular  
t i l t s  caused by i n d i v i d u a l  r e f r a c t i o n s  w i t h i n  the  beam. I n  t h i s  c a s e  t h e  
se rvo  would only  t r a c k  the  cen t ro id .  Furthermore,  angular  f l u c t u a t i o n s  smaller 
than those  c o r r e c t a b l e  by the  servo  w i l l  s t i l l  produce a severe  e f f e c t  on the  
r e c e i v e r  performance. 
An o p e r a t i o n a l  heterodyne r e c e i v e r  must be capable  of o p e r a t i n g  over  
Consequently t h e  o p t i c s  vary ing  ranges and through a tu rbu len t  atmosphere. 
must be designed t o  cope wi th  t h e s e  v a r i a b l e  cond i t ions .  A s  wi th  a l l  ope ra t -  
i ng  systems, compromises must be made. These t r a d e o f f s  i n e v i t a b l y  reduce t h e  
e f f i c i e n c y  of ope ra t ion .  
c e i v e r  reduced s e n s i t i v i t y  has been accepted  t o  provide a design t h a t  w i l l  be 
l e s s  s e n s i t i v e  t o  angular  f l u c t u a t i o n s  between t h e  s i g n a l  and l o c a l  o s c i l l a t o r .  
I n  a d d i t i o n ,  t h i s  des ign  i s  compatible w i t h  both  near  and f a r  f i e l d  c o n d i t i o n s  
of a r e c e i v e r  - t ransmi t t er comb i n a t  ion. 
I n  t he  design of t h e  o p t i c a l  superheterodyne re- 
1 . 2 . 2 . 1  Near F ie ld- -Far  F i e l d  Considerat ions 
By u t i l i z i n g  a s p h e r i c a l  mixing geometry, t he  heterodyne r e c e i v e r  
o p t i c s  can be a d j u s t e d  t o  ope ra t e  the r e c e i v e r  i n  t h e  nea r  f i e l d  wi th  l a r g e  
a p e r t u r e s  as w e l l  as t h e  f a r  f i e l d .  When t h e  r e c e i v e r  i s  i n  the  f a r  f i e l d  
(Fraunhofer  reg ion)  of t he  t r a n s m i t t e r ,  t h e  s i g n a l  a t  t he  r e c e i v e r  a p e r t u r e  
i s  e s s e n t i a l l y  a plane wave. When the  Mersenne te lescope Is e d j i ~ t e d  fer the  
confoca l  c o n d i t i o n  and the  atmospheric e f f e c t s  are n e g l i g i b l e ,  t h e  co l l ima ted  
ou tpu t  wave from t h e  smaller secondary mi r ro r  i s  also a plane wave. 3 
3 .  E ,  H.  L infoot ,  Recent Advances i n  Opt ics ,  Oxford Un ive r s i ty  Press, London, 
p. 277; 1958. I 
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If the  atmosphere pe r tu rbs  the  wavefront,  then the  corresponding 
p e r t u r b a t i o n s  appear i n  the  output  beam magnified by the  r a t i o  of t he  primary 
t o  secondary f o c a l  length .  A s  t he  d i s t ance  between a poin t  source t r a n s m i t t e r  
and r e c e i v e r  i s  decreased,  t he  r e c e i v e r  e n t e r s  t he  near  f i e l d  ( F r e s n e l  reg ion)  
of t h e  t r a n s m i t t e r  and a cons t an t  phase f r o n t  a t  t h e  r e c e i v e r  a p e r t u r e  i s  
s p h e r i c a l .  
over t he  ape r tu re  do not  converge t o  a common po in t .  Thus, i t  would be impos- 
s i b l e  t o  co l l ima te  these  r ays  i n t o  a p a r a l l e l  beam wi th  these  o p t i c s .  For a 
po in t  source ob jec t  and the confoca l  cond i t ion ,  a l l  t h e  r a y s  r e f l e c t e d  from 
the  secondary parabola d iverge  wi th  a cu rva tu re  t h a t  i s  approximately the  
p r i m a r y  t o  secondary f o c a l  l e a g t h  r a t i o  t imes t h e  cu rva tu re  of  t he  inpu t  wave. 
Consequently, for  f i x e d  confoca l  paraboloids ,  t he  l o c a l  o s c i l l a t o r  wavefront 
would be ad jus t ed  f o r  t he  b e s t  wavefront match between the  two s i g n a l s .  
When a paraboloid i s  i l l umina ted  by a s p h e r i c a l  wave a l l  t he  r ays  
Cer t a in ly  f o r  near  f i e l d  s i t u a t i o n s ,  t h e  Mersenne t e l e scope  a l te rs  
the  un i fo rmi ty  of the  inpu t  wave because of t he  aforementioned a b e r r a t i o n .  
However, i t  should be remembered t h a t  t h e  purpose of  t h i s  o p t i c a l  system i s  
not  t o  achieve  pe r fec t  heterodyning but  only t o  develop a compromise s i t u a t i o n  
t h a t  w i l l  minimize complete s i g n a l  fad ing  due t o  d e s t r u c t i v e  i n t e r f e r e n c e  e f -  
f e c t s .  We have found t h a t  a compromise can be achieved by u t i l i z i n g  a mixing 
geometry i n  which the  l o c a l  o s c i l l a t o r  and r ece ived  s i g n a l  wavefronts are 
waves of d i f f e r e n t  cu rva tu re .  
1 . 2 . 2 . 2  Photomixing wi th  Misaligned Wavefronts 
The d i r e c t i o n a l  p ro , i e r t i e s  of o p t i c a l  heterodyne r e c e i v e r s  are w e l l  
The wavefronts of the  o p t i c a l  s i g n a l  must be p e r f e c t l y  matched t o  t h e  
wavefront of the l o c a l  o s c i l l a t o r  t o  o b t a i n  a maximum e f f i c i e n c y .  If the  wave- 
f r o n t s  a r e  i n c l i n e d  t o  each o t h e r ,  t he  photocurren t  s i g n a l  can  be s e v e r e l y  de- 
graded. An example of t he  requirement  i s  found i n  i n t e r f e r o m e t e r s  i n  which 
i n t e r f e r e n c e  f r i n g e s  a r e  produced as a r e s u l t  of one wavefront  being a t  a 
s l i g h t  ang le  with the  o t h e r .  I n  t h e  t y p i c a l  i n t e r f e r o m e t e r s ,  two waves of t h e  
4. A .  E .  Siegman, "The Antenna P r o p e r t i e s  of  O p t i c a l  Heterodyne Rece ivers , "  
Applied Optics ,  v o l .  5 ,  no. 10, pp. 1588-1594; October 1966. 
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same frequency a r e  used t o  produce the i n t e r f e r e n c e  pa t t e rn .  I n  our case  the  
waves a r e  a t  s l i g h t l y  d i f f e r e n t  f requencies;  thus,  t h e r e  i s  a heterodyne bea t  
between the  two wavefronts.  If w e  could observe the  a r e a  of i n t e r f e r e n c e  w e  
would see  the  i n t e r f e r e n c e  p a t t e r n  changing wi th  t i m e .  The b r i g h t  and dark 
bands ( a r e a s  of appos i t e  phases) would move i n  progression ac ross  the  observa- 
t i o n  a r e a  a t  t he  bea t  frequency r a t e .  The changing p a t t e r n  i s  i n d i c a t i v e  of 
the changing phases between the  two o p t i c a l  waves of d i f f e r e n t  f requencies .  
I f  a phototube su r face  were i l lumina ted  wi th  t h i s  p a t t e r n  then the 
c ros s  s e c t i o n  of the photocurrent output would be a r e p l i c a  of the time-chang- 
i n g  i n t e r f e r e n c e  pa t t e rn .  The AC component of the photocurrent  would be the 
bea t  frequency. The DC component would be propor t iona l  t o  the i n t e n s i t i e s  of 
the  two o p t i c a l  waves. The anode of t h e  phototube sums the  instantaneous 
values  of a l l  t he  s i g n a l s .  I f  t h e r e  are many f r i n g e s  i n  the  p a t t e r n ,  the  
a l t e r n a t e  plus and minus s i g n a l  components cance l  each o ther .  The n e t  photo- 
c u r r e n t  would be the  r e s i d u a l  a f t e r  the  cance l l a t ion .  For example, us ing  t h e  
in t e r f e romete r  analogy, i f  t h e r e  are 6 b r i g h t  and 5 dark f r i n g e s  a t  any i n -  
s t a n t  of t i m e ,  then 5 f r i n g e s  of one p o l a r i t y  of phases cance l  5 f r i n g e s  of 
t he  o the r  p o l a r i t y  and only 1/11 of the t o t a l  AC s i g n a l  remains. A s  the  num- 
ber of f r i n g e s  i s  decreased by b e t t e r  matching of the  wavefronts,  then t h e  AC 
beat  component c o l l e c t e d  by the  anode inc reases .  
I f  the angular  misalignment v a r i e s  i n  t i m e  t he  number of f r i n g e s  
va r i e s  accordingly.  I f  t he re  a r e  an equal  number of reg ions  of  opposi te  phases 
then the  r e s idue  of uncancel led components can drop t o  zero .  I n  a communica- 
t i o n  system complete s i g n a l  dropouts (100 percent fading)  i s  undes i rab le .  
For a f ixed  f r i n g e  p a t t e r n  ape r tu re s  could be placed over a reas  rep-  
r e s e n t i n g  one phase p o l a r i t y  t o  prevent c a n c e l l a t i o n  e f f e c t s .  However, the  
t u r b u l e n t  atmosphere produces unknown angular  changes and wavefront d i s t o r -  
e. LiOIiS of the i-scei-ved sigl-,al, .&,-ld Ciie design of Zi1 apert-ui-e to pi-o-vi& ;m up- 
timum s p a t i a l  f i l t e r  i s  not known. 
I n  order  t o  provide the  o p t i c a l  superheterodyne r ece ive r  with a means 
of o p e r a t i n g  without  complete fad ing  i n  a t u rbu len t  atmosphere and a l s o  pro- 
v i d e  both near and f a r  f i e l d  operat ion,  a mixing geometry i n  which waves of 
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d i f f e r e n t  cu rva tu re  are employed w a s  a r r i v e d  a t .  A series of f r i n g e  e x p e r i -  
ments u s ing  the  r e c e i v e r  o p t i c s  shows the  technique.  
I n  order  t o  in t roduce  a plane wave i n t o  the  r e c e i v e r  o p t i c s ,  a d i f -  
f r a c t i o n - l i m i t e d  48-meter f o c a l  l eng th ,  15-cm diameter  pa rabo l i c  mi r ro r  was 
used t o  co l l ima te  a p o r t i o n  of t h e  l o c a l  o s c i l l a t o r  laser. The n e a r l y  p a r a l l e l  
beam was f e d  through t h e  heterodyne system o p t i c s  and allowed t o  form an i n -  
t e r f e r e n c e  p a t t e r n  w i t h  the  remaining p o r t i o n  of t he  laser  l o c a l  o s c i l l a t o r  
d i r e c t l y  a t  t h e  f i l m  plane of a 16-mm camera. Nearly plane wave f r i n g i n g  i s  
shown i n  F igures  4a and 4b. In Figure  4a ,  the l o c a l  o s c i l l a t o r  and r ece ived  
s i g n a l  a r e  c o l i n e a r .  I n  F igure  4b t h e r e  i s  a 30 microradian  ang le  between 
the  l o c a l  o s c i l l a t o r  s i g n a l  and the  r ece ived  s i g n a l .  The a l t e r n a t e  l i g h t  and 
dark bands of  f r i n g e s  r e p r e s e n t  a cont inuous ly  vary ing  phase between the l o c a l  
o s c i l l a t o r  and r ece ived  s i g n a l .  I f  t h e  amplitude of t he  f r i n g e s  were summed, 
t he  s i g n a l  i n  the  b r i g h t  band cance l s  the s i g n a l  i n  a dark  band. I n  t h e  most 
severe  misaligned case where t h e r e  are many more l i g h t  and dark  bands, the 
uncance l led  r e s idue  i s  small  implying t h a t  the analogous photomixing process  
would be i n e f f i c i e n t .  I n  a d d i t i o n ,  summed ou tpu t  drops t o  z e r o  when t h e r e  
a r e  equal  l i g h t  and dark  areas and r i ses  t o  a l o c a l  small  maximum when t h e r e  
i s  an excess  of one k ind  o r  t he  o t h e r .  Consequently s m a l l  angu la r  d i s tu rbances  
can produce a 100 pe rcen t  modulation on t h e  summed s i g n a l .  J i t ter  i n  t h e  se rvo  
o r  o p t i c a l  s i g n a l  ang le  of a r r i v a l  f l u c t u a t i o n s  caused by atmospheric tu rbu-  
lence  w i l l  thus  produce a no i se  modulation of  t h e  s i g n a l .  I n  the example of 
Figure 4a and 4b an angu la r  change a t  the  o p t i c s  i n p u t  of about  2.3 micro- 
r ad ians  changes t h e  analogou.: mixing e f f i c i e n c y  from a maximum t o  a minimum. 
In Figure  4c two s p h e r i c a l  waves of  d i f f e r e n t  c u r v a t u r e  are p e r f e c t l y  
a l i g n e d  t o  produce a c i r c u l a r  f r i n g e  zone p a t t e r n  s imilar  t o  Newton's Rings. 
S ince  the  area of each zone i s  t h e  same, the i n t e g r a t e d  value would be z e r o  
if t h e r e  a r e  an equa l  number of zones of a l t e r n a t e  phases.  However, as t h e  
angle  between the  two wavefronts i s  changed a n  asymmetrical  p a t t e r n  i s  pro- 
duced as shown i n  F igu re  4d. 
c a l  behavior w i t h  wavefront misalignment, a nonzeroing mixing f u n c t i o n  has  
been appa ren t ly  achieved  over l i m i t e d  angu la r  misalignments.  
By us ing  a squa re  a p e r t u r e  and t h e  nonsymmetri- 
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Experiments performed on t h e  ope ra t ing  system have shown t h a t  a l -  
though t h e  mixing e f f i c i e n c y  i s  only a few percent ,  t h i s  technique of mixing 
does imt  n u l l  over 2100 microradian angular  changes a t  t h e  i n p u t  t o  t h e  o p t i c s .  
1 . 2 . 2 . 3  Angular S e n s i t i v i t y  of Parabol ic  Primary Mirror  
An important cons ide ra t ion  i n  the  o p t i c s  des ign  i s  t h e  o v e r a l l  a l i g n -  
ment accuracy r equ i r ed  between t h e  servo  c o n t r o l  system and heterodyne primary 
o p t i c s .  I f  the parabola  i s  t i l t e d  wi th  r e s p e c t  t o  an  incoming plane wave, 
then a comatic o f f - a x i s  focus i s  formed. I n  order  to determine t h e  phase de- 
g rada t ion  across  t h e  f o c a l  plane,  t h e  f o c a l  plane phase of a l l  t h e  r a y  pa ths  
w i t h  r e s p e c t  t o  a plane wave inpu t  w a s  c a l c u l a t e d  w a s  a func t ion  of t h e  ang le  
of t i l t  of a paraboloid on a GE225 computer. The c o n t r i b u t i o n s  from each i n -  
cremental  parabol ic  area were summed v e c t o r i a l l y  over t h e  coma image. The 
r e s u l t a n t  value was thus  p ropor t iona l  t o  t h e  n e t  heterodyne s i g n a l  power. 
F igure  5 shows t h e  r e s u l t  of t h i s  c a l c u l a t i o n .  
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To v e r i f y  t h e  c a l c u l a t i o n  t h e  o p t i c s  were t e s t e d  a t  an  f /20  a p e r t u r e  
r a t i o  dur ing  heterodyning experiments. It  w a s  found t h a t  he te rodyning  w a s  
n o t  impaired over i n p u t  ang le  of a r r iva l  v a r i a t i o n s  of  up  t o  LOO microradians  
providing l o c a l  o s c i l l a t o r  and s i g n a l  alignment were r e a d j u s t e d  t o  accommodate 
t h c  i n p u t  angular  o f f s e t .  Without readjus tment  the a l lowab le  o f f s e t  i n c r e -  
ments were found t o  be on ly  - +lo0 microradians.  This value determined t h e  de- 
s i g n  requirements placed upon the  ang le  t r a c k i n g  se rvo  accuracy.  
1 . 2 . 3  Photomixer 
5 
The o p t i c a l  superheterodyne r e c e i v e r  i s  s i g n a l  photon no i se  l i m i t e d .  
The r e c e i v e r ,  s igna l - to -no i se  r a t i o  a t  t h e  7326 pho tomul t ip l i e r  ou tpu t  i s  
given by t h e  vo l t age  r a t i o  
e 
e 
s o  - -  
no 
where 
c l  i s  the  heterodyne e f f i c i e n c y  
Q i s  t he  quantum e f f i c i e n c y  
P i s  the s i g n a l  power 
S 
hv i s  t he  energy per photon 
Af i s  the e l e c t r i c a l  no i se  bandwidth. 
I n  order  t o  o b t a i n  photon n o i s e  l i m i t e d  o p e r a t i o n  the l o c a l  o s c i l l a t o r  
l e v e l  i s  ad jus t ed  t o  a va lue  so  tha t  i t s  photon n o i s e  predominates.5 
s e n s i t i v i t y  expressed by Equation (1) w i l l  be degraded i f  the a m p l i f i c a t i o n  
fo l lowing  the  photosurface d e t e c t i o n  process  i n t r o d u c e s  a n o i s e  power g r e a t e r  
The 
- 
5.  G .  Biernson and R. F. Lucy, "Requirements of a Coherent Laser Pulse 
Doppler Radar," Proc. I E E E ,  vo l .  51, pp. 202-213; January  1963. 
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than hvLZf/Q. I n  pho tomul t ip l i e r s  t he  secondary emission a m p l i f i c a t i o n  i n t r o -  
duces some no i se .  This a d d i t i o n a l  no ise  degrades the  va lue  of Equation (1) 
about 1 dB i n  s tandard  box type m u l t i p l i e r s .  I n  pho tomul t ip l i e r s  t h i s  "no i se -  
less" a m p l i f i c a t i o n  i s  s u f f i c i e n t l y  l a r g e  t o  e l i m i n a t e  f u r t h e r  s i g n a l - t o - n o i s e  
degrada t ion  by t h e  a m p l i f i e r s  fol lowing t h e  tube  output .  
Standard f a s t  r ise  t i m e  tubes have 3-dB c u t o f f  f requencies  of about  a 
-.I\,-. .-. I 
LUU c~nz .  I t1  this systeix the Z c t c c t ~ r  SaAvid t l .  E;S+_ cnly he g r e a t e r  than  the  
IF  bandwidth fo l lowing  the  d e t e c t i o n ,  even f o r  Doppler frequency t r a c k i n g  t o  
1 GHz,  because a tunable  o p t i c a l  l o c a l  o s c i l l a t o r  i s  used. 
1 . 2 . 4  -- Local O s c i l l a t o r  
The l a s e r  l o c a l  o s c i l l a t o r  no i se  and power requirements  are d i scussed  
i n  Reference 5. I d e a l l y ,  s u f f i c i e n t  monochromatic power should be a v a i l a b l e  t o  
permit d i s c r i m i n a t i o n  a g a i n s t  random noise-producing sources ,  such as r e f l e c t e d  
or  s c a t t e r e d  s u n l i g h t .  Also,  t h e  noise  produced a t  t he  output  of the  photo- 
mixer due t o  the  l o c a l  o s c i l l a t o r  should no t  exceed the  expected sho t  no i se  
l e v e l  f o r  the  corresponding l o c a l  o s c i l l a t o r  power. A s i n g l e  frequency l a s e r ,  
t h e  Spec t r a  Physics Model 119 l a s e r ,  has  been eva lua ted  f o r  t h i s  purpose and 
found t o  be s a t i s f a c t o r y .  The monochromatic power output  i s  approximately 
100 pW. Ant ic ipa t ed  severe  background l e v e l s ,  such as a b r i g h t  c loud,  should 
not  exceed 0 . 1  pW w i t h i n  the  ~ y s t e m . ~  
then  adequate  background d i sc r imina t ion  i s  provided. Measurements of t h e  
n o i s e  i n  a 4-MHz bandwidth f o r  t h e  l a s e r  used showed t h e  n o i s e  t o  be uniformly 
d i s t r i b u t e d  i n  frequency. 
exceeded by approximately t h r e e  times t h e  minimum shot  no i se  l e v e l  expected 
f o r  t h i s  amount of o p t i c a l  power. This l e v e l  degrades the  system performance 
desc r ibed  i n  Equation (1).  
Thus, i f  t he  l o c a l  o s c i l l a t o r  i s  10 pW, 
The r m s  va lue  of no i se  vo l t age  from the  photomixer 
1 . 2 . 5  Doppler Frequency Tracking 
The l a s e r  s i g n a l  con ta in ing  the Doppler s h i f t  i s  mixed wi th  t h e  o p t i c a l  
l o c a l  o s c i l l a t o r  s i g n a l  i n  t h e  photomixer. The output  of t h e  photomixer con- 
1-15 
1-6078-1 
t a i n i n g  t h e  Doppler frequency i s  f e d  i n t o  t h e  30 MHz - +4 MHz IF  a m p l i f i e r .  
The  IF  ampl i f i e r  has  84 dB of ga in  and a 6dB no i se  f i g u r e .  The output  i s  then 
f e d  i n t o  a l i m i t e r  wi th  20 dB of q u i e t i n g  and thence t o  t h e  d i sc r imina to r .  
I n  t h e  closed-loop ope ra t ion  an e r r o r  s i g n a l  i s  developed a t  t h e  d i s -  
c r imina to r  which keeps t h e  d i f f e rence  frequency between t h e  two s i g n a l s  a t  a 
cons t an t  IF value.  
The bandwidth of t h e  AFC loop was chosen a t  t h e  minimum value  cons i s -  
t e n t  w i th  t h e  expected rates of change of frequency t o  opt imize t h e  s i g n a l -  
to -noise  r a t i o .  
The AFC loop bandwidth i s  determined by t h e  maximum rate-of-change of 
t h e  inpu t  frequency expected. The maximum frequency d e v i a t i o n  r a t e  due t o  
microphonic e x c i t a t i o n  of t h e  Spec t ra  Physics Model 119 has  been found t o  be 
10 Hz/s.  The a l lowable  design e r r o r  w a s  r e q u i r e d  t o  be h a l f  of t h e  AFC loop 
bandwidth of Af 
quency) i s  designed t o  be 
8 
/ c 2’ thus  t h e  necessary loop bandwidth ( gain-crossover  f r e -  
af 
.ETc = c  
where 
1 T~ = a m p l i f i e r  tune cons t an t  = - 2n Afc 
8 f = 10 Hz/s 
3 Af = 5.7 x 10 Hz 
C 
The bandwidth necessary t o  accommodate the ra te  of change of t h e  re-  
ce ived  s i g n a l  frequency due t o  r e l a t i v e  motion between t h e  system end p o i n t s  
can be c a l c u l a t e d  i n  a s imi l a r  manner. For a miss ion  such as a m i s s i l e  being 
launched s t r a i g h t  up from a launch pad a t  a c e r t a i n  d i s t a n c e  from t h e  r e c e i v e r ,  
t h e  maximum rate-of-change of Doppler occurs  a t  a n  e l e v a t i o n  of n/4 r ad ians  
and i s  propor t iona l  t o  t h e  @ t i m e s  t h e  missi le  a c c e l e r a t i o n .  For a mis s i l e  
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undergoing an a c c e l e r a t i o n  of 100 f t / s 2  the  maximum Doppler r a t e  of change i s  
approximately 150 MHz/s. 
incoming s i g n a l  t he  bandwidth must be 6.7 kHz. 
To t r a c k  t h i s  ra te  of change i n  frequency on 
A s  i n  any t r a c k i n g  system t h e  accuracy' w i th  which t h e  AFC loop 
ope ra t e  w i l l  be a func t ion  of the  s igna l - to -no i se  r a t i o .  The t r a c k i n g  
6 f  i n  t he  loop bandwidth Afc i s  approximately 2 
e Af 6f = e 
SO/ ,  
no 
t h e  
can 
e r r o r  
( 3 )  
A galvanometer a t  t h e  d i sc r imina to r  ou tput  i s  used t o  i n d i c a t e  s i g n a l  
presence.  I n i t i a l  s i g n a l  a c q u i s i t i o n  i s  performed by manually tun ing  the  
l a s e r  u n t i l  t he  galvanometer d e f l e c t i o n  i n d i c a t e s  t h e  s i g n a l  presence.  When 
the  meter n u l l s  i n  t h e  c e n t e r  of t h e  d i sc r imina to r  curve,  frequency c o n t r o l  
i s  manually switched t o  automatic .  During prolonged system experiments l a s t -  
i ng  14 hours ,  t h e  AFC c i r c u i t  has  c o n t i n u a l l y  opera ted  and k e p t  t h e  two re- 
motely l o c a t e d  lasers locked toge ther .  
1 . 2 . 6  S p a t i a l  Tracking - 
The s p a t i a l  t r a c k i n g  func t ion  of t h e  o p t i c a l  superheterodyne r e c e i v e r  
i s  of v i t a l  importance t o  t h e  r ece ive r  f l e x i b i l i t y .  The heterodyne o p t i c s  
and subsequent photomixing opera t ion  are extremely s e n s i t i v e  t o  angular  changes 
of t he  s i g n a l  d i r e c t i o n .  The s p a t i a l  t r a c k i n g  fol lows t h e  l i n e - o f - s i g h t  d i -  
r e c t i o n  of t r ansmi t t ed  s i g n a l  and maintains  t h e  s i g n a l  a long  t h e  o p t i c a l  a x i s  
of t h e  system. Tests performed upon t h e  o p t i c a l  superheterodyne r e c e i v e r  
have shown t h a t  t h e  angular  l i m i t s  of o p e r a t i o n  a r e  - + 100 microradians.  Thus, 
t h e  angu la r  t r a c k i n g  accuracy of the spa t ia l  t r a c k i n g  system must be l e s s  than 
t h i s  va lue .  The t o t a l  e r r o r  i s  the  sum of the  dynamic e r r o r  a r i s i n g  from the  
r e l a t i v e  motion between the  r ece ive r  and t h e  t r a n s m i t t e r  plus  the  s t a t i c  e r r o r  
produced by f r i c t i o n a l  torques and tachometer no ise .  
Extens ive  tests' on an i d e n t i c a l  ear l ier  model of t h e  t r a c k i n g  mi r ro r  
have shown the  folowing r e s u l t s .  When t r a c k i n g  low a c c e l e r a t i o n  t a r g e t s  such 
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a s  s a t e l l i t e s  and a i r p l a n e s ,  t h i s  t r a c k e r  has  an accuracy of approximately 25 
microradians rms. The accuracy under these  cond i t ions  i s  s e t  by t h e  s t a t i c  
f r i c  t i o n  a n d  equiva len t  no ise  bandwidth of t h e  t r a c k e r  and t h e  s c i n t i l l a t i o n  
of t he  atmosphere. When t r a c k i n g  high a c c e l e r a t i o n  t a r g e t s  such as rocke t s ,  
t h i s  type of u n i t  has  a t r a c k i n g  e r r o r  which i s  d i r e c t l y  p ropor t iona l  t o  t h e  
angular  a c c e l e r a t i o n  of 0 .6  radians/second ; t h e  t r a c k i n g  angular  e r r o r  peaks 
t o  0 . 3  m i l l i r a d i a n s  a t  launch and s e t t l e s  t o  0 . 1  m i l l i r a d i a n  w i t h i n  0 . 1  sec -  
ond t h e r e a f t e r .  Thus, t he  t r a c k i n g  accuracy a g a i n s t  l o w  a c c e l e r a t i o n  t a r g e t s  
i s  comparable t o  the  accuracy of a s t a r  t r a c k e r .  
2 
The angular  e r r o r  sensor  i s  an  image d i s s e c t o r  opera ted  noncoherent ly .  
0 
Adequate background d i sc r imina t ion5  i s  achieved by us ing  a 10 A o p t i c a l  fil- 
t e r  and by v i r t u e  of t h e  narrow-band response of t h e  servo .  The c o n t r o l l e d  
member i n  the  t r acke r  i s  a two-axis gimballed mount on which i s  c a r r i e d  the  
f l a t  t r a c k i n g  mir ror .  Both axes of t h i s  mount a r e  powered by DC torque  motors 
d i r e c t l y  coupled t o  the  u n i t .  Angular r a t e  feedback informat ion  i s  obta ined  
by DC tachometers which a r e  a l s o  f a s t ened  d i r e c t l y  t o  t h e i r  r e s p e c t i v e  axes .  
The lowest s t r u c t u r a l  resonance occurs  about  t h e  azimuth a x i s  a t  4 5  Hz. 
This resonance l i m i t s  the  azimuth ga in  c rossover  frequency but  does not  s i g n i -  
f i c a n t l y  a f f e c t  the  e l e v a t i o n  loop. The r a t e  loop ga in  c rossover  f r equenc ie s  
a r e  30 Hz i n  the azimuth and 50 Hz i n  t he  e l e v a t i o n  channel .  The p o s i t i o n  
l o o p  ga in  crossover  f requencies  a r e  10 Hz i n  azimuth and 17  Hz i n  e l e v a t i o n .  
Both axes have i n t e g r a l  networks wi th  an upper break frequency of 2 Hz and a 
lower break frequency a t  0 .02  Hz. The equ iva len t  no i se  bandwidth f o r  t h e  
t r a c k e r  i s  19 Hz i n  the  a z i n u t h  and 30 Hz i n  t h e  e l e v a t i o n .  
High p rec i s ion  bear ings  of t he  ABEC c l a s s  7 type are used i n  both axes .  
Inc luding  the  con t r ibu t ions  from the  va r ious  poten t iometers ,  tachometers ,  and 
motors,  t he  measured s t a t i c  f r i c t i o n  on both  axes i s  7 x 10 f t - l b .  The 
s t a t i c  po in t ing  accuracy on both axes i s  on t h e  order  of 10 microradiar ,s .  
-2 
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1 .3  GROUND-BASED COMMUNICATIONS EXPERIMENTS USING THE OPTICAL 
S U PERHE TERO DYNE RE CE I VER 
The e f f e c t  of a t u r b u l e n t  atmosphere on the propagat ion of  laser beams 
i s  w e l l  known. Some of t he  previous work i s  exper imenta l  b u t  t h e  ma jo r i ty  
i s  t h e o r e t i c a l .  Very l i t t l e  of the a v a i l a b l e  da t a  i s  i n  a form t h a t  can be 
used t o  d i r e c t l y  compare t h e  performance of  coherent  and noncoherent d e t e c t i o n  
techniques.  I n  a d d i t i o n ,  no da ta  i s  a c t u a l l y  a v a i l a b l e  f o r  a f u l l y  operable  
coherent  system. Consequently, a series of communications experiments t o  
eva lua te  t h e  o p t i c a l  superheterodyne r e c e i v e r ,  ope ra t ing  i n  a r ea l  atmospheric 
- ' :vironment,  and t o  compare i t  t o  a noncoherent d e t e c t i o n  method were per -  
formed. 
0 
A remote laser t r a n s m i t t c r  c o n s i s t i n g  of a s ingle- f requency  6328 A l a s e r ,  
a Sylvania  S-2-4 phase modulator, and beam-forming o p t i c s  was mounted on a 
---- 
6 .  I. Goldstein,  P. A .  Miles, and A .  Chabot, "Heterodyne Measurements of 
Light  Propagation Through Atmospheric Turbulence, Proc. IEEE,  v o l .  53, 
E". 9, Fp. 11_?2-llsn; Se$emher 1965- 
7.  P. Bechmann, "S igna l  Degeneration i n  Laser B e a m s  Propagated Through a 
Turbulent  Atmosphere," Radio Sci.  J. R e s . ,  NBS/USNC-URSI, vo l .  69D; 
A p r i l  1965. 
8. S. Gardner, "Some E f f e c t s  of Atmospheric Turbulence on O p t i c a l  Heterodyne 
Communications, ' I  1964 IEEE I n t e r n a t '  1 Conv. Rec., p t .  6. 
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1309; November 1964. 
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The s i g n a l  ou tpu t s  s imultaneously recorded  inc luded  t h e  r ece ived  s i g n a l  
power, t he  heterodyne s i g n a l  l e v e l ,  ang le  of a r r i v a l  f l u c t u a t i o n s  as e x t r a c t e d  
from the  azimuth and e l e v a t i o n  s p a t i a l  t r a c k i n g  se rvo-e r ro r  s i g n a l ,  and the  
heterodyne s i g n a l  frequency f l u c t u a t i o n s  as measured a t  t h e  d i sc r imina to r  
ou tput .  The ins t rumenta t ion  w a s  thoroughly checked o u t  and found t o  o p e r a t e  
s a t i s f a c t o r i l y  over a l inear  dynamic range of 30 t o  1 and uniform bandwidth 
from DC up t o  f requencies  l a r g e  enough t o  cover  t h e  atmospheric  f l u c t u a t i o n  
r a t e .  
The experiments performed wi th  t h e  o p t i c a l  superheterodyne r e c e i v e r  have 
r e s u l t e d  i n  ob ta in ing  t y p i c a l  f ad ing  da ta  on both  noncoherent and coherent  
d e t e c t i o n  techniques f o r  d i f f e r e n t  atmospheric c o n d i t i o n s  over a 1 km atmo- 
sphe r i c  path.  These d a t a ,  p lus  r e s u l t s  of f requency modulat ion experiments ,  
provide the  necessary information f o r  t he  comparison of a noncoherent ampli tude 
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r i g i d  t r ipod-suppor ted  o p t i c a l  bench. The t r a n s m i t t e r  w a s  l o c a t e d  a t  a nominal 
d i s t ance  of 1 km from the  van-mounted o p t i c a l  superheterodyne r e c e i v e r  as 
shown i n  Figure 6 .  For these  experiments the  t r a n s m i t t e r  beamwidth e x i t  s i z e  
was approximately 1 cm-in diameter and then w a s  o p t i c a l l y  spread  t o  approxi -  
mately 2 m i l l i r a d i a n s  i n  order  t o  reduce the  e f f e c t s  of t r i p o d  and suppor t ing  
s t r u c t u r e  v i b r a t i o n ,  t he rmos t ruc tu ra l  changes, and beam-l ine-of-s ight  f l u c t u -  
a t i o n s  due t o  the  atmosphere near  the  t r a n s m i t t e r .  With t h i s  r e l a t i v e l y  wide 
a n g l e  t r a n s m i t t e r ,  w e  could e a s i l y  poin t  t h e  t r a n s m i t t e r  and have i t  remain 
i n  p o s i t i o n  without a t tendance  during an e n t i r e  day of ope ra t ion  and t e s t i n g .  
The s i g n a l  power fad ing  due t o  t r a n s m i t t e r  i n s t a b i l i t i e s  were thus  reduced 
t o  l e s s  than 5 percent .  S igna l  power f ad ing  due t o  t h e  remainder of t h e  a t -  
mosplieric p a t h  averaged from 2 5  t o  85 percent ,  depending upon me te ro log ica l  
cond i t ions .  The f ad ing  depth of the  heterodyne s i g n a l  ranged a l l  t he  way t o  
complete momentary s i g n a l  dropouts .  Thus, l i n e - o f - s i g h t  v a r i a t i o n s  e f f e c t s  
were r e l a t i v e l y  s m a l l  i n  comparison. 
Tlie o p t i c a l  superheterodyne r e c e i v e r  van w a s  instrumented t o  r e c o r d  the  
da t a  of t he  experiments.  The in s t rumen ta t ion  inc luded  a 7-channel t ape  re- 
corder  f o r  shor t - te rm da ta  and o p e r a t i o n a l  a m p l i f i e r s  t o  provide t h e  necessary  
i n t e r f a c e  c i r c u i t r y  between the  o p t i c a l  superheterodyne r e c e i v e r  ou tpu t s  and 
the  t ape  recorder .  
~~ ~ 
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modulatcd system, a coherent  amplitude-modulated system, and a coherent  f r e -  
q~i""cy-Iiiodulated system. 
t n i n c ' d .  I n  add i t ion  t o  performing experiments f o r  t h e  f i x e d  2 U . 3  cm a p e r t u r e  
o f  the r e c e i v e r ,  t h e  e f f e c t  of varying t h e  a p e r t u r e  s i z e  w a s  determined f o r  
both coherent  and noncoherent de t ec t ion .  
Both s h o r t -  and long-term resu l t s  have been ob- 
1 . 3 . 1  S y s  t e m  Performance 
The rece ived  s i g n a l  power, Ps,  a t  t h e  photomixer i s  given by t h e  ex- 
pr e s s ion  
2 
- 2 T c  t P D  P =  
s e 2 R 2  
where 
(4) 
c 2  = r e c e i v e r  o p t i c s  e f f i c i e n c y  
P = t r a n s m i t t e r  power 
D = o p t i c a l  c o l l e c t o r  diameter 
T 
C 
p = half-power t r a n s m i t t e r  beamwidth 
R = d i s t a n c e  between te rmina ls  
The heterodyne r e c e i v e r  ope:ates i n  t h e  photon n o i s e - l i m i t e d  o p e r a t i o n  mode; 
t hus ,  t h e  vol tage  s igna l - to -no i se  r a t i o  i s  g iven  as: 
e 
e no 
e 
e 
s o  
no 
Typical  system parameters are l i s t e d  i n  Table  1 and t h e  c a l c u l a t e d  r e s u l t s  
are l i s t e d  i n  Table 2 .  The measuremnts were taken  on a sunny morning when 
t h e  a i r  temperature w a s  75 F and excess ive  tu rbu lence  was no t  n o t i c e a b l e .  0 
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TABLE 1 
MEASURED EXPERIMENT PARAMETERS 
Transmit ter  Power ( a) 
Half-Power Transmit ter  Beamwidth 
Range 
Co l l ec to r  Aperture  
Pleasured Heterodyne Ef f i c i ency  ( b) 
O p t  i c a  1 Ef f i c  ienc y 
Quantum Ef f i c i ency  ( 4  
Signa l  Power a t  Mixer ( a) 
d) _ _  I& Noise Eanciwidih 
Local O s c i l l a t o r  Power ( a) 
RMS Signal- to-Noise Ra t io  
-4 PT = 1.26  10 w a t t s  
0 = 2 x lom3 rad ians  
R = l K m  
D = 0 .2  m 
C 
-2 = 4 . 5  x 10 ( r m s )  
-1 
€1 
E 2  = 2 x 10 
-2 Q = 5 x 1 0  
- Af= - 25 y-.. 
Ps = 4.2 x w a t t s  
P = 1.2 x w a t t s  R 
e 
e 
- -  so - 17 dB 
no 
ra) Measured wi th  thermopile de tec tor .  
( b )  R a t i o  of measured heterodyne s i g n a l  vo l tage  t o  c a l c u l a t e d  heterodyne 
s i g n a l  vo l tage .  
( c)  Manufacturer s va lue .  
( d )  Corresponds t o  8 MHz, 3-dB bandwidth. 
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TABLE 2 
CALCULATED EXPERIMENT VALUES 
Expec ted  S igna l  Power a t  Mixer ( a> Ps = 6 .3  x watts 
Expcc t ed S igna l -  t o-no is e R a t  i o  ( a ,  b) e 
- -  so - 2 5  dB 
P 
( a )  
( b )  
Rased upon measured t r a n s m i t t e r  power output .  
Based upon measured mixing e f f i c i e n c y .  
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The discrepancy between the  ca l cu la t ed  s igna l - to-noise  r a t i o  of Table 2 
and the measured s igna l - to -no i se  r a t i o  of Table 1 i s  apparent ly  due t o  the  
excess noise  observed from the l a s e r  l o c a l  o s c i l l a t o r .  
1 .3 .2  Fadinp Depth Data 
A comparison of t he  fad ing  c h a r a c t e r i s t i c s  during both noncoherent and 
coherent  de tec t ion ,  us ing  the  opLicai SuperheLerodyne r ece ive r ,  is s h v w u  i i i  
Figure 7 .  The da ta  i s  presented i n  the form of p r o b a b i l i t y  dens i ty  func t ions  
f o r  the fad ing  s i g n a l s .  Thus, the  p robab i l i t y  of f ind ing  a s i g n a l  i n  the  
vo l t age  range v + Av i s  t h e  i n t e g r a l  of t he  curve over Av. The curves,  ob- 
t a ined  by passing the analog s i g n a l  vol tage through a s i g n a l  amplitude dens i ty  
ana lyzer ,  r ep resen t  a 30-second p e r i o d  of da ta .  The amplitude dens i ty  sampling 
increment was allowed t o  scan through the  s i g n a l  f l u c t u a t i o n s  a t  a r a t e  of 
67-mi l l ivo l t s / second f o r  the noncoherent da ta  and 135-mil l ivol ts /second f o r  
t h e  coherent  da ta .  
!..ltt.,o:gh cxpzr imezts  have s h ~ v ~  rhst the d e t a f l s  nf  t h e  density func t ion  
do not  remain s t a t i o n a r y  over the  30-second i n t e r v a l  and minor d i s t o r t i o n s  r e -  
s u l t  i n  t he  ana lyzer  because of time constant-sweeptime c o n f l i c t s ,  i t  has been 
observed t h a t  t he  genera l  curve shapes are r e p r e s e n t a t i v e .  The f l u c t u a t i o n s  
i n  the  curves a r e  probably produced when the  d i s t r i b u t i o n  changes ab rup t ly .  
The a n a l y z e r ' s  decay time i s  longer than i t s  r i s e  time, thus producing n o t i c e -  
a b l e  exponent ia l  decay a s  the amplitude dens i ty  suddenly decreases .  The ana ly-  
z e r  i s  c a l i b r a t e d  by applying a s i n e  wave of known amplitude a t  the inpu t  and 
thus reproducing the  well-known dens i ty  func t ion  f o r  t he  s i n e  wave on the  
pape r  r eco rde r .  This c a l i b r a t e d  func t ion  then  provides the  s c a l e  f a c t o r s  f o r  
t h e  unknown da ta  inpu t s .  
The rece ived  power s i g n a l  vol tage p r o b a b i l i t y  dens i ty  func t ions  a r e  
I shown i n  Figure 7 f o r  sunny-clear,  overcas t ,  and l i g h t  r a i n  condi t ions .  I'ne 
average r ece ived  s i g n a l  value i s  approximately i n  the  cen te r  of t h e  dens i ty  
func t ion .  Note t h a t  t he  minimum s i g n a l  l e v e l ,  which occurs a t  t he  poin t  where 
t h e  amplitude dens i ty  func t ion  s t a r t s  t o  inc rease ,  i s  always apprec iab ly  
g r e a t e r  than  zero.  
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The decrease i n  f l u c t u a t i o n  amplitude ( i . e . ,  t he  width of the  d i s t r i b u -  
t i o n s )  i n d i c a t e s  l e s s  turbulence on l i g h t  r a i n y  days as compared t o  c l e a r  days. 
These da t a  r e f l e c t  t he  f a c t  t h a t  t h e  thermal a i r  g rad ien t s  on r a i n y  days a r e  
l e s s  than on sunny, c l e a r  days. The curves a l s o  imply g r e a t e r  beamwidth 
spreading on sunny, c l e a r  days because of t he  lower s i g n a l  vo l tage .  Our qual-  
i t a t i v e  experience has been t h a t  as the r a i n  inc reases ,  beamspreading w i l l  
t h e n  increase  also.  
The corresponding heterodyne s i g n a l  vo l tage  dens i ty  func t ions  a r e  shown 
a l s o  i n  Figure 7 f o r  the  same weather condi t ions .  In each case  the  heterodyne 
s i g n a l  i s  der ived from the  power s i g n a l  by mixing the  incoming power s i g n a l  
with the  l a s e r  l o c a l  o s c i l l a t o r .  (The coherent  and noncoherent de tec ted  s i g -  
n a l s  a r e  then separa ted  by the  in te rmedia te  frequency a m p l i f i e r - f i l t e r . )  
The heterodyne s i g n a l  r e f l e c t s  no t  only s i g n a l  power f l u c t u a t i o n s  but  
a l s o  phase f l u c t u a t i o n s .  The heterodyne s i g n a l  i s  propor t iona l  t o  the  square 
r o o t  of t he  power; thus ,  t he  heterodyne s i g n a l  de t ec t ion  technique should 
cmnnth the n n ~ r  r-"-- fI i jrt1iat inns.  The l a r g e  fading; depths shown on a sunny, c l e a r  
day i n d i c a t e  t h a t  the  phase d i s t o r t i o n  on t h i s  day was q u i t e  severe  and t h a t  
t he  rece ived  wavefront probably was severe ly  d i s t o r t e d .  
On days when the  atmospheric path apparent ly  had fewer thermal g r a d i e n t s  
and thus had fewer turbulons ,  the  heterodyne s i g n a l  fad ing  was l e s s  severe as 
shown a l s o  i n  Figure 7 .  The t r end  of reduced s i g n a l  f l u c t u a t i o n  wi th  reduced 
turbulence  i s  the  same f o r  both noncoherent and coherent  de t ec t ion .  Table 3 
shows t h e  average mixing e f f i c i e n c y  f o r  each da ta  sample. 
F igure  8 i s  a record of the  long-term s i g n a l  f l u c t u a t i o n s  f o r  both non- 
coherent  and coherent de t ec t ion .  Data poin ts  r ep resen t ing  an average value 
a r e  recorded every 2 seconds. The e n t i r e  record  spans a per iod from 9:30 a . m .  
t o  1:30 p.m. The downward t r end  i n  the  power s i g n a l  was found t o  be due t o  a 
t r a n s m i t t e r  s t e e r i n g  e f f e c t  caused by thermost ruc tura l  changes a t  the  t r a n s -  
m i t t e r .  The heterodyne s i g n a l  change w a s  due t o  l o c a l  o s c i l l a t o r - r e c e i v e d  
misalignment,  aga in  due t o  thermost ruc tura l  e f f e c t s .  These da t a  were taken 
wi th  the  system a i r  condi t ioner  o f f  and demonstrate t he  n e c e s s i t y  of minimiz- 
i n g  temperature  changes. A t  the end of the  four-hour span the  mixing was re- 
a l i g n e d  and the  heterodyne s i g n a l  l e v e l  improved. Later  the t r ansmi t t e r  was 
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r ea l igned  and t h e  o r i g i n a l  s i g n a l  l e v e l s  were r e s t o r e d .  I n  gene ra l ,  when op- 
e r a t i n g  t h e  van wi th  a simple thermostat  h e a t  c o n t r o l ,  t h e  mixing alignment 
can  be e a s i l y  r e t a i n e d .  The g r e a t e r  f l u c t u a t i o n  of the  heterodyne s i g n a l ,  as 
compared t o  the  r ece ived  power s i g n a l ,  i s  ev iden t .  I n  gene ra l ,  our  e x p e r i -  
ments i n  long-term fad ing  e f f e c t s ,  besides  showing equipment i n s t a b i l i t i e s ,  
have shown t h a t  s i g n i f i c a n t  change i n  average pa th  t ransmiss ion  occurs  p r i -  
mar i ly  when s i g n i f i c a n t  weather changes occur .  I n  p a r t i c u l a r ,  ( as  expected) 
when fog,  heavy r a i n ,  o r  snow occur ,  t h e  average t ransmiss ion  decreases .  To 
d a t e  w e  have been unable  t o  d e t e c t  any unexpla inable  long-term fad ing  phenom- 
enon. 
1 . 3 . 3  - Fading Rate - Data 
The frequency s p e c t r a  of t h e  f ad ing  s i g n a l s  a r e  shown i n  F igure  9.  
It  i s  s i g n i f i c a n t  t o  no te  t h a t  t he  heterodyne s i g n a l s  c o n t a i n  s t r o n g e r  h ighe r  
f requency components than the  corresponding power s i g n a l s .  These da t a  aga in  
show the  l a r g e  i n f l u e n c e  of phase f l u c t u a t i o n s  a long  the  atmospheric pa th  on 
the  heterodyne s i g n a l .  'I'he s i m i l a r i t y  of v a r i a t i o n s  of the s i g n a l  f l u c t u a t i o n  
frequency wi th  weather f o r  both d e t e c t i o n  techniques i s  apparent .  
1 . 3 . 4  Frequency Modulation Experiment_ 
A t  s t anda rd  communication f requencies  an advantage of FM over AM i s  
t h a t  atmospheric d i s tu rbances  w i l l ,  i n  gene ra l ,  only a f f e c t  t h e  AM system. 
This  occurs  because the  l i m i t i n g  and d e t e c t i o n  processes  of FM d i sc r imina te  
a g a i n s t  ampli tude modulation components and thus  recover  the  FM s i g n a l  unaf-  
f e c t e d  by atmospheric d i s t o r t i o n .  I n  a d d i t i o n ,  because of t h e  nonl inear  l i m i t -  
i ng  process  involved i n  FM systems as  compared t o  an AM system, t h e  f ad ing  
c h a r a c t e r i s t i c  should be d i f f e r e n t .  The purpose of t h i s  experiment i s  t o  
demonstrate  t h i s  e f f e c t  and compare t h e  coherent  FM method t o  the  noncoherent 
AM and coherent  AM methods. 
I n  t h i s  experiment t he  s i n g l e  frequency t r a n s m i t t e r  laser w a s  phase 
modulated a t  a 1-MHz r a t e  wi th  a modulation index ( d e v i a t i o n  r a t i o )  of 0.5.  
For t h i s  va lue  of modulation index the r e s u l t a n t  modulation i s  c l a s s i f i e d  a s  
narrow-band FM, s i n c e  only . two c a r r i e r  sidebands a r e  produced. F igure  10 shows 
t h e  s i g n a l  spectrum a s  d isp layed  on a spectrum analyzer .  
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. . .  . 
Figure Io. Spectrum of Frequency Modulated Laser Signal Propagated Over  1 KM Atmospheric Path 
and Received by Opt ica l  Superheterodyne Receiver. 
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Figure 11 shows t h e  output of t he  d iscr imina tor  of t he  FM channel of 
the  o p t i c a l  superheterodyne r ece ive r  and demonstrates the  nonl inear  th reshold-  
ing  a c t i o n  of the l i m i t e r .  When the  r ece ive r  i s  not  tuned i n  frequency t o  the  
incoming c a r r i e r ,  the  d iscr imina tor  output  c o n s i s t s  of only random noise .  The 
major con t r ibu to r s  t o  t h i s  no ise  i s  the  power of t h e  l o c a l  o s c i l l a t o r .  The 
combined noise  produced by o p t i c a l  background r a d i a t i o n ,  photomixer dark c u r -  
r e n t ,  and the  thermal noise  of the  IF a m p l i f i e r  i s  l e s s  than t h a t  produced by 
the  o p t i c a l  l o c a l  o s c i l l a t o r  power. When t h e  r ece ive r  i s  tuned t o  accept  the  
bea t  frequency with the s i g n a l  from the  remote l a s e r  t r a n s m i t t e r ,  the  noise  
output  of the d iscr imina tor  decreases and the  1-MHz frequency modulation shown 
i n  Figure 11 i s  observed. The thickness  of t he  t r a c e  i n  the  tuned case  i s  
caused by low-frequency microphonics which frequency-modulate the  l o c a l  o s c i l -  
l a t o r .  I f  t he  l o c a l  o s c i l l a t o r  were a c o u s t i c a l l y  i s o l a t e d ,  the  observed no i se  
l e v e l  would then be the  frequency j i t t e r  of t he  automatic frequency c o n t r o l  
system or  phase modulation introduced by t h e  atmosphere. 
Whenever the  s i g n a l  fades ,  an inc rease  of no i se  r ep resen t ing  the  un- 
tuned condi t ion  i s  observed. Because of t he  nonl inear  a c t i o n  of t he  l i m i t e r  
only l a r g e  fades a r e  observable and the  smal le r  fades  a r e  n e g l i g i b l e .  Osc i l -  
logram comparisons of the  fading heterodyne s i g n a l  wi th  t h e  d i sc r imina to r  ou t -  
put show t h i s  e f f e c t  c l e a r l y .  I n  add i t ion ,  t he  amplitude modulation sidebands 
placed on the incoming s i g n a l  by atmospheric turbulence a r e  removed i n  the  
d i sc r imina to r .  
Using the present  o p t i c a l  superheterodyne system, i t  has been observed 
t h a t  the  o p t i c a l  FM system i s  analogous t o  a r a d i o  frequency FM system. In 
add i t ion ,  frequency modulation of the  o p t i c a l  c a r r i e r  by the  atmosphere has 
not  been observed. We have thus concluded t h a t  t he  heterodyne s i g n a l  fad ing  
c h a r a c t e r i s t i c s  of Figure 7, and a knowledge of the  l i m i t e r - d i s c r i m i n a t o r  
c h a r a c t e r i s t i c ,  a r e  s u f f i c i e n t  t o  q u a n t i t a t i v e l y  p r e d i c t  t h e  performance of 
an o p t i c a l  frequency modulation system. 
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1 . 3 . 5  E f f e c t  of Aperture  S i z e  on Both Coherent and Noncoherent Detec t ion  
A s  t h e  r e c e i v e r  c o l l e c t i n g  a p e r t u r e  i s  reduced, both t h e  power s i g n a l s  
and heterodyne s i g n a l s  would be expected t o  change t h e i r  f ad ing  c h a r a c t e r i s -  
t i c s .  ‘-I4 Data taken on a c l e a r ,  sunny day and shown i n  F igure  12 shows t h e  
e f f e c t  upon t h e  power s i g n a l  l e v e l  and i t s  amplitude f ad ing  d e n s i t y  d i s t r i b u -  
t i o n  a s  t h e  ape r tu re  s i z e  i s  reduced. The a p e r t u r e  areas were reduced i n  
s t e p s  of a f a c t o r  of 2 and the  corresponding average s i g n a l  l e v e l s ,  l o c a t e d  
a t  the  c e n t e r  of t he  d e n s i t y  func t ions ,  a l s o  decreased approximately i n  t h e  
same r a t i o .  The s i g n a l  f l u c t u a t i o n  can a l s o  be seen t o  i n c r e a s e  wi th  de- 
c r e a s i n g  a p e r t u r e .  F igure  13 shows the  e f f e c t  observed on t h e  heterodyne s i g -  
n a l s .  The apparent  jagged behavior of t h e  d e n s i t y  d i s t r i b u t i o n  i s  due t o  a 
r a p i d l y  changing d i s t r i b u t i o n .  (Long-term averaging  of t h e  d i s t r i b u t i o n s  was 
beyond the  c a p a b i l i t y  of t he  d e n s i t y  d i s t r i b u t i o n  ana lyze r . )  
I n  making the  measurements, t h e  a p e r t u r e  s t o p s  were placed over t he  
photomixer i n  order  t o  l i m i t  t he  l o c a l  o s c i l l a t o r  s i g n a l  on ly  t o  t h e  s i g n a l  
a r e a s .  The a p e r t u r e  dimensions r e p o r t e d  have been r e f e r r e d  t o  t h e  i n p u t  by 
mul t ip ly ing  by the  f o c a l  l eng th  r a t i o .  A s  t h e  a p e r t u r e  i s  reduced, t h e  mix- 
i n g  e f f i c i e n c y  might be expected t o  improve. 
Table 4 shows the  measured mixing e f f i c i e n c i e s  and the  corresponding 
inpu t  a p e r t u r e .  The d a t a  show t h a t  a s  t h e  a p e r t u r e  s i z e  i s  reduced t h e  mixing 
e f f i c i e n c y  inc reases .  
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TABLE 3 
HETERODYNE E F F I C I E N C Y  FOR VARIOUS WEATHER C O N D I T I O N S  W I T H  20.3 CM APERTURE 
C l e a r  
O v e r c a s t  
R a i n  
1.79% 
3.45% 
3.64% 
TABLE 4 
HETERODYNE E F F I C I E N C Y  FOR VARIOUS APERTURES 
8 .2  c m  d i a m e t e r  
5 .8  c m  d i a m e t e r  
4.1 c m  d i a m e t e r  
8.8% 
13.7% 
24.6% 
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PART 2 
GROUND-TO-SPACE-TO-GROUND COMMUNICATIONS EXPERIMkNT 
2.1 INTRODUCTION 
The purpose of t h i s  experiment was t o  pas s ive ly  a c q u i r e  and then  i l lumi-  
n a t e  t h e  r e t r o r e f l e c t o r  type s a t e l l i t e  Explorer  22 wi th  CW laser r a d i a t i o n  
and monitor t h e  r e f l e c t e d  i n t e n s i t y .  
pared wi th  s t a r l i g h t  s c i n t i l l a t i o n  and ground-based laser propagat ion expe r i -  
ments. It was hoped t h a t  t hese  i n i t i a l  measurements of s c i n t i l l a t i o n ,  pro- 
duced dur ing  a laser beam t r a n s p o r t  through t h e  e n t i r e  atmosphere, would y i e l d  
d a t a  meaningful t o  space-to-ground l a s e r  conrmunications a p p l i c a t i o n s .  
work i n d i c a t e d  t h a t  t h e  p r e s e n t l y  a v a i l a b l e  CW laser power i s  inadequate .  
However, t he  experiment was c a r r i e d  t o  t h e  po in t  where t h e  necessary  improve- 
Tine GuLu c u l l e c t e d  v ~ , i l d  t k z  be c=.- 
Our 
ments t o  perform t h e  experiments are es t imated  t o  be lo2 t o  10 3 i n  order  t o  
cover t h e  expected s c i n t i l l a t i o n  frequency range. 
a l l  t h e  techniques of i n i t i a l  s a t e l l i t e  a c q u i s i t i o n  and pass ive  t r a c k i n g  have 
been developed and are a p p l i c a b l e  t o  using the  o p t i c a l  superheterodyne re- 
c e i v e r  i n  f u t u r e  a i r - to-ground o r  space-to-ground experiments.  
In a d d i t i o n  t o  t h i s  r e s u l t ,  
2 . 2  EXPERIMENT DESCRIPTION 
2 The Sylvania  P r e c i s i o n  Laser Tracking System w a s  r e t r o f i t t e d  t o  perform 
t h e  experiment.  
0.25 m i l l i r a d i a n  beamwidth, He-Ne, 6328 A laser; 2) a 5-inch diameter wide- 
f i e l d  s p o t t i n g  te lescope;  3) an  a u x i l i a r y  image d i s s e c t o r  o p t i c a l  system t o  
reduce t h e  ins tan taneous  f i e l d  of view of 0 .5  m i l l i r a d i a n s .  
The r e t r o f i t t i n g  included t h e  i n s t a l l a t i o n  of 1) a 80 mW, 
0 
* 
I n i t i a l l y  i t  was planned t o  opera te  s o l e l y  from t h e  t r a c k i n g  system and 
moiiftol: the sfgzal  re+,urn frm. the image d i s s e c t o r .  A series of laser back- 
* 
It w a s  exper imenta l ly  found t h a t  the  l o c a l  atmospheric "brea th ing"  e f f e c t s  
prec luded  the  use  of smaller ape r tu re s .  
w a s  approximately 100 t i m e s  dark c u r r e n t  l e v e l .  
The skyglow measured wi th  t h i s  f i e l d  
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s c a t t e r  measurements demonstrated t h e  n e c e s s i t y  of u t i l i z i n g  a remote re- 
c c i v e r .  
The f i n a l  experiment approach i s  depic ted  i n  F igure  14.  The t r a c k i n g  
system was implemented wi th  a stop-band f i l t e r  t h a t  passed 50 percent  of t h e  
inc iden t  s o l a r  r e f l e c t e d  l i g h t  from t h e  Explorer 22  bu t  a t t e n u a t e d  by g r e a t e r  
than  100 the  wavelengths longer than 6000 A .  Consequently, laser b a c k s c a t t e r  
l i g h t  would not  a f f e c t  t he  t r ack ing  u n i t .  The experiment plan was t o  pas s ive ly  
acqu i r e  and t r ack  t h e  s a t e l l i t e  while  s imultaneously po in t ing  t h e  laser  beam 
a t  t he  s a t e l l i t e  w i th  t h e  t r ack ing  mi r ro r .  A remote wide - f i e ld  (2') r e c e i v e r  
was t o  be manually pointed by an  opera tor  u s ing  a s p o t t i n g  scope. The remote 
r ece ive r  was loca ted  approximately 150 f e e t  from t h e  t r acke r  i n  a d i r e c t i o n  
such t h a t  t h e  r e t u r n  s i g n a l ,  as determined from t h e  Bradley e f f e c t ,  should be 
a maximum. The system outputs ,  inc luding  t h e  image d i s s e c t o r  s i g n a l  and remote 
r e c e i v e r ,  were recorded f o r  f u t u r e  a n a l y s i s .  The experiment parameters are 
l i s t e d  i n  Table 2 - 1 .  
0 
I 
I 
The van loca t ion  was surveyed by us ing  t h e  sun a s  a r e fe rence .  The a z i -  
muth and e l e v a t i o n  mir ror  angles  were measured as a func t ion  of t i m e  whi le  
t h e  system tracked t h e  sun. Using " A i r  Almanac" da t a ,  t he  a b s o l u t e  po in t ing  
c a l i b r a t i o n  was then determined. P rec i s ion  da ta  on t h e  s a t e l l i t e ' s  p o s i t i o n  
were obta ined  weekly from t h e  Smithsonian Astrophysics  Observatory and t r a n s -  
formed by computer i n t o  :he t r ack ing  s y s t e m  coord ina te s .  This  procedure and 
the  b u i l t - i n  accuracy of t he  equipment a l lowed t h e  laser beam t o  be p r e s e t  a t  
a s a t e l l i t e ' s  l oca t ion  t o  wi th in  0 . 8  m i l l i r a d i a n s .  
I 2 . 3  EXPERIMENTAL RESULTS 
The experiments were performed a t  n i g h t  dur ing  t h e  per iod  of March t o  
August 1966. Much of the  work involved a l e a r n i n g  f u n c t i o n  p r i o r  t o  t h e  f i n a l  
conclus ive  t e s t .  I n  May t h e  Explorer 22 was s u c c e s s f u l l y  t r acked  p a s s i v e l y  
by t h e  t r a c k i n g  system. A s t r i p  c h a r t  r e c o r d  e x t r a c t e d  from t h e  magnetic t ape  
record ing  of t h e  image d i s s e c t o r  s i g n a l  i s  shown i n  F igu re  15. 
During t h i s  passive t r ack ing  experiment t h e  s a t e l l i t e  moved a c r o s s  t h e  
l o c a t i o n  of a s t a r  b r i g h t e r  than t h e  s a t e l l i t e  and caused t h e  system t o  break 
I lock.  
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TABLE 2-1 
GROUND-TO-SATELLITE-TO-GROUND LASER COMMUNICATION EXPERIMENT 
Ninimum Tracking System Passive Threshold +8.5 Visual Magnitude S t a r  
i n  Local Skyglow Environment 
Visua l  Magnitude Explorer 22 
Laser I l l umina to r  
+7 t o  +8 Visua l  Magnitude 
S t a r  
80 mW, 0.25 m i l l i r a d i a n  
beamw i d t h  
Ninimum Tracking Sys tem Accuracy - +25 microradian r m s  
Prese t  System Absolute Poin t ing  
A c c u r ac  y 
0 . 8  m i l l i r a d i a n s  
Operator-Observer Cont ro l led  < 0.25 m i l l i r a d i a n  
Poin t ing  Accuracy 
Remote Receiver Minimum Detectable  5 x W/m2 
Flux Density 
* 
Calcula ted  Laser Return S igna l  2 5 x 10 w/m 
t o  5 x w/m2 
* 
Based upon p r i v a t e  communication from H .  P l o t k i n ,  (NASA - Goddard) . 
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I 2-6 
T h e  s a t e l l i t e  passes  considered adequate  f o r  the  experiment occurred  dur- 
i n g  as t ronomical  n ight t ime when the  s a t e l l i t e  w a s  i l l umina ted  by t h e  sun and 
a t  near z e n i t h  passes when the  a l t i t u d e  ranged from 1000 km t o  1500 km. Haze, 
c louds ,  weather,  and excess ive  moonlight a l l  produced i n t e r f e r e n c e s  t h a t  
h indered  t h e  experiment. 
Approximately twenty-f ive s a t e l l i t e  passes, ranging  from two t o  f i v e  
minutes i n  dura t ion ,  were acceptab le  from March through August. Approximately 
2 5  percent  of these passes  occurred when the  weather,  c louds ,  o r  haze d i d  not  
i n t e r f e r e .  On two of t hese  n i g h t s  s a t i s f a c t o r y  da t a  were obtained.  The f i r s t  
success ,  a passive t r a c k ,  has been descr ibed .  
I n  the  second success  t h e  s a t e l l i t e  was observed but  w e  were unable  t o  
t r a c k  the  s a t e l l i t e  au tomat i ca l ly ,  The r e f l e c t e d  s o l a r  s i g n a l  from the  s a t e l -  
l i t e  corresponded approximately t o  a +8 v i s u a l  magnitude s t a r .  The th re sho ld  
of the t r ack ing  system l i m i t e d  by sky glow on t h i s  n i g h t  was measured t o  be a 
v i s u a l  magnitude between +7 and +8. 
However, the t r a i n e d  ope ra to r  was a b l e  t o  manually t r a c k  and cont inuous ly  
poin t  t he  bores ighted  80 mW laser a t  t h e  s a t e l l i t e  over a per iod  of about  four  
minutes .  The half-power beamwidth of the  l a s e r  was 0.25 m i l l i r a d i a n s  and t h e  
ope ra to r  i s  a b l e  t o  manually c o n t r o l  and po in t  t he  system t o  an  accuracy l e s s  
than t h i s  beamwidth. During t h i s  per iod  t h e  ope ra to r  of the  wide f i e l d  remote 
r e c e i v e r ,  loca ted  a t  t h e  p o s i t i o n  of a n t i c i p a t e d  maximum r e t u r n ,  was a b l e  t o  
cont inuous ly  point  t h i s  r e c e i v e r  a t  t he  moving s a t e l l i t e  f o r  a pe r iod  of t h r e e  
minutes.  The output  3f t h e  remote r e c e i v e r ,  which has  a Minimum Detec tab le  
2 Flux Density of 5 x W / m  , a s  l i m i t e d  by dark c u r r e n t  when equipped wi th  
a narrow-band 6328 6: f i l t e r  a t  n i g h t ,  was recorded  on t a p e .  
Our c a l c u l a t i o n s ,  based upon publ ished d a t a  on t h e  S66 and measurements 
2 2 
made by H. P lo tk in  of NASA, i n d i c a t e d  t h a t  t h e  a n t i c i p a t e d  laser r e t u r n  would 
l i e  i n  a range of 5 x W/m t o  5 x W/m . The t ape  r eco rd ,  when 
examined wi th  a four -cyc le  bandwidth a m p l i f i e r  c e n t e r e d  around t h e  laser modu- 
l a t i o n  frequency, showed no r e t u r n  s i g n a l .  
Rased upon previous t e s t s  of t h e  t r a i n e d  o p e r a t o r ' s  po in t ing  c a p a b i l i t i e s ,  
we e s t ima te  t h a t  during the  three-minute  d a t a  c o l l e c t i o n  i n t e r v a l  s e v e r a l  h i t s  
1-6078-1 
must have been made, a l though the  s a t e l l i t e  may no t  have been cont inuous ly  
i l l umina ted  by the  l a s e r .  Consequently, w e  concluded t h a t  t h e  p re sen t  s y s -  
t e m  does no t  have t h e  c a p a b i l i t y  t o  perform the  d e s i r e d  experiment,  even i n  
a narrow, e l e c t r i c a l  bandwidth. Thus, w e  d i scont inued  t h e s e  experiments.  
I f  a meaningful communication experiment were t o  be performed, t h e  sys -  
t e m  would have t o  be improved, by a t  l e a s t  40 t o  60 dB. These improvements 
could be i n  the  form of g r e a t e r  t ransmiccer  power, z i  larger cc?llerti_nS a p e r -  
t u r e ,  reduced skyglow, reduced a e r o s o l  backsca t t e r ,  and poss ib ly  t h e  a p p l i c a -  
t i o n  of cooled pho tomul t ip l i e r s .  
2 -7  
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PART 3 
AN IMMEDIATE APPLICATION OF THE OPTICAL SUPERHETERODYNE RECEIVER 
This r e c e i v e r  i s  now ready t o  p a r t i c i p a t e  i n  space-to-ground communica- 
t i o n s  experiments.  For example, consider  t h e  Laser Communication S a t e l l i t e  
Experiment (LCSE) proposed f o r  the  Apollo Appl ica t ions  Program. I f  a s t a t e -  
zZ-t!?e-=rt 100 ;iW s i n g l e  frequency 6328 A l a s e r ,  similar t o  the  p re sen t  t e s t  
t r a n s m i t t e r  source ,  were inc luded  i n  the s a t e l l i t e ,  an important  coherent  
space-to-ground laser propagat ion experiment could  be performed. 
0 
The LCSE experiment proposed by the A s t r i o n i c s  Laboratory of  Marshal l  
Space F l i g h t  Center w i l l  u se  a laser beam wid th  of 2 microradians ,  and w i l l  
be opera ted  i n  a synchronous o r b i t  a t  a d i s t a n c e  of 34,000 km. Assuming a 
nominal atmospheric t ransmiss ion  of 50 pe rcen t ,  t h e  f l u x  d e n s i t y  a t  t h e  ground 
s t a t i o n  would be approximately 1 . 4  x 
100 pW. This  amount of power app l i ed  t o  t h e  e x i s t i n g  o p t i c a l  superheterodyne 
r e c e i v e r  w i l l  provide a 20-dB s igna l - to -no i se  r a t i o  i n  a 500-Hz bandwidth. A 
500-Hz bandwidth and 20-dB s igna l - to -no i se  r a t i o  i s  adequate t o  o b t a i n  f ad ing  
and f a d i n g - r a t e  da t a  f o r  t he  propagation path.  
W/m2 i f  t he  s p a c e c r a f t  l a s e r  r a d i a t e d  
I n  a d d i t i o n  t o  t h e  coherent  d a t a ,  noncoherent da t a  may a l s o  be obta ined  
f o r  comparison, even during daytime hours.  
noncoherent experiments r e f l e c t s  t h e  p rec i s ion -po in t ing  accuracy of t h e  ang le  
t r a c k i n g  se rvo  used t o  au tomat i ca l ly  a l i g n  the  r e c e i v e r  w i th  t h e  d i r e c t i o n  of 
t h e  incoming laser beam. 
The a b i l i t y  t o  perform daytime 
Since  t h e  angle  t r a c k e r  has  a peak-to-peak e r r o r  of less than 100 micro- 
r a d i a n s ,  a noncoherent r e c e i v e r  f i e l d  of view can be l i m i t e d  t o  t h i s  va lue .  
The cor responding  d a y l i g h t  b lue  sky level i n  a 2 A i n t e r f e r e n c e  f i l t e r  band- 
2 wid th  would be 3.2 x 10"' W/m , which i s  much less than  the  p r e d i c t e d  s i g n a l  
power d e n s i t y  from the  100-pW l a s e r .  ine  s i g n a l - i o - m i s e  r a t i o  ir; a 500-E~  
bandwidth noncoherent r e c e i v e r ,  using only  10 percent  of the  s i g n a l  of the  
20-cm heterodyne a p e r t u r e ,  i s  approximately 30 dB. 
0 
-- 
Furthermore,  i f  t h e  LCSE l a s e r  i l l umina te s  t h e  ground s t a t i o n ,  t he  o p t i -  
c a l  superheterodyne can be opera ted  completely independent of any o the r  
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f a c i l i t y .  The manual a c q u i s i t i o n  techniques developed dur ing  S y l v a n i a ' s  Ex-  
p l o r e r  22  t r ack ing  experiments w i l l  permit the ope ra to r  t o  a c q u i r e  the space-  
c r a f t - b o r n e  l a s e r .  Once acqui red ,  t h e  ang le  t r a c k i n g  se rvo  w i l l  au tomat i ca l ly  
main ta in  t h e  alignment between t h e  r e c e i v e r  and the- incoming beam, even i f  
thc s a t e l l i t e  were moving a t  angular  ra tes  as h igh  as 4 m i l l i r a d i a n s / s e c o n d .  
I f  t h e  s a t e l l i t e  i s  synchronous, t he  angular  v e l o c i t y  w i l l  be cons ide r -  
a h l y  sma l l e r .  The automatic  frequency c o n t r o l  system of t h e  superheterodyne 
r e c e i v e r  can opera te  over a 1-GHz range.  The average  Doppler s h i f t  a n t i c i -  
p a t e d  f o r  a synchronous s a t e l l i t e  launched i n  a 60' o r b i t  would be about  
0 . 6  GIIz. Thus, the  coherent  r e c e i v e r  can accommodate t h e  expected Doppler 
s l i i f t .  
I 3 - 2  
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PART 4 
OPTICAL MODULATION CONS IDEEUTIONS 
During the  e a r l y  phases of t h e  present  r e p o r t  pe r iod  a s tudy  was performed 
t o  determine p r e f e r r e d  t r a n s m i t t e r  modulation methods t h a t  could be u t i l i z e d  
i n  o p t i c a l  communications experiments.  The s tudy  w a s  a s s i s t e d  by c o n t r i b u t i o n s  
from two o the r  programs conceiiied with o p t i c z l  z c d 1 ~ 1 a t i n n  methods. These pro- 
grams included the  Op t i ca l  Technology Apollo Extension System (NAS-8-20256) 
and Sylvania '  s Independent Research and Development Program. 
Pulsed, pulsed code, and d i r e c t  modulation f o r  bo th  i n t e n s i t y  and p o l a r i -  
z a t i o n  modulation keying methods were eva lua ted  f o r  a continuous t r a n s m i t t e r  
power output .  It was found t h a t  pulsed code modulation us ing  e i t h e r  i n t e n s i t y  
o r  p o l a r i z a t i o n  keying was s i g n i f i c a n t l y  s u p e r i o r  t o  t h e  o the r  methods. This 
s tudy  i s  presented  as Appendix A .  
A second s tudy  was performed t o  compare an i n t e n s i t y  modulated o p t i c a l  
communications system wi th  frequency modulation of a c a r r i e r  modulated i n t e n -  
s i t y  system. The r e s u l t s  of t h i s  a n a l y s i s ,  given i n  Appendix B, i n d i c a t e d  
t h a t  t h e  system would have the  u s u a l  advantage t h a t  a frequency modulated s y s -  
tem has over an ampli tude modulated system. This  advantage l i e s  i n  the  f a c t  
t h a t  t h e  l i m i t i n g  and d i s c r i m i n a t i n g  process of FM d e t e c t i o n  provides a means 
of d i s c r i m i n a t i o n  a g a i n s t  ampli tude noise  modulation of t h e  inpu t  s i g n a l ,  pro- 
v i d i n g  a minimum va lue  of i npu t  s i g n a l  t o  no i se  i s  maintained. In  a d d i t i o n ,  
t h e  s igna l - to -no i se  power advantage of an  FM c a r r i e r  modulated i n t e n s i t y  over 
a d i r e c t  i n t e n s i t y  modulated system i s  p ropor t iona l  t o  1 . 5  t i m e s  t h e  square  
of  t h e  FM modulation index. 
Cons idera t ion  of a d i r e c t  FM coherent  system ve r sus  an  AM coherent  sys -  
t e m  i n d i c a t e d  t h a t  t h i s  would be expected t o  be i d e n t i c a l  w i th  the  r a d i o  f r e -  
quency c a s e  as d iscussed  i n  Reference 2 of Appendix B. 
A review of the  modulation techniques s t u d i e d  i n d i c a t e d  t h a t  be fo re  a 
p a r t i c u l a r  system could be chosen i n  preference t o  another ,  g r e a t e r  knowledge 
of t h e  t r ansmiss ion  medium would be requi red .  
t h e  medium included f ad ing  depth,  fading ra te ,  and channel  bandwidth f o r  both 
The knowledge r equ i r ed  about  
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coherent  and noncoherent de t ec t ion  techniques.  In  add i t ion ,  t he  e f f e c t  of 
vary ing  both r ece ive r  and t r ansmi t t e r  ape r tu re s  on these  systems i s  a l s o  r e -  
quired.  Consequently, t he  experimental  communication experiments con- 
c e n t r a t e d  upon obta in ing  fading depth and fading r a t e  da ta  fo r  both the  non- 
coherent  and coherent  de t ec t ion  techniques r a t h e r  than prematurely t e s t i n g  
modulation methods. In  add i t ion ,  a simple coherent  frequency modulation ex- 
periment was performed t o  determine the  comparative behavior of a r a d i o  f r e -  
quency FM t o  o p t i c a l  frequency FM. 
4 -2  
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APPENDIX A 
COMPARISON OF MODULATION TECHNIQUES FOR 
WIDE BANDWIDTH TRANSMISSION 
by Dennis Gooding 
A .  1 INTRODUCTION 
A s tudy  of modulation r;ec'nniques was peti-Coiy,ed t o  & t c r ~ . i n =  32 n n + i m l l m  - r - 
form of modulation f o r  a l a s e r  wide bandwidth l i n k .  The assumptions made For 
numerical  comparisons of performance were t h a t  an ou tpu t  s igna l - to -no i se  power 
r a t i o  of  30 dB i s  r equ i r ed  and t h a t  t h e  bandwidth i s  5 MHz. The o p t i c a l  t r a n s -  
m i t t e r  i s  l i m i t e d  i n  peak power c a p a b i l i t y  r a t h e r  than  t h e  average power cap- 
a b i l i t y .  Background no i se  and photodetector  n o i s e  a r e  n e g l i g i b l e  compared t o  
t h e  quantum n o i s e  of t h e  rece ived  s i g n a l  and a r e  neg lec t ed  i n  t h e  a n a l y s i s  
h e r e .  I n  a d d i t i o n ,  f o r  l ack  of b e t t e r  information,  i t  i s  assumed t h a t  t h e  
power spectrum of the s i g n a l  i s  cons t an t  over t h e  frequency range -5 MHz t o  
5 MHz except f o r  a DC component and z e r o  elsewhere, and t h a t  the  p r o b a b i l i t y  
d e n s i t y  func t ion  of t h e  s i g n a l  i s  uniform i n  the i n t e r v a l  0 t o  1 and z e r o  e lse-  
where. 
I 
The fol lowing k inds  of modulation were cons idered:  
( a )  Pulsed i n t e n s i t y  modulation 
( b )  Pulsed p o l a r i z a t i o n  modulation 
( c )  Direct i n t e n s i t y  modulation 
( d )  Direct p o l a r i z a t i o n  modulation 
( e )  Pulse  Code Modulation--intensity keying 
( f) Pulse Code Modulation--polarization keying 
A . 2  RESULTS 
Comparisons have been made s t r i c t l y  on the b a s i s  of an output  s i g n a l - t o -  
n o i s e  r a t i o ,  and no account  has  been taken  of the r e l a t ive  s u b j e c t i v e  q u a l i t y  
of t h e  wide bandwidth (v ideo)  t r ansmi t t ed  by ana log  and d i g i t a l  modulation 
A- 1 
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COMPARISON OF MODULATION FORMS 
RO RO 
I Modulation ( photons/second) (dB re la t ive  t o  PCM) 
Pulsed I n t e n s i t y  Modulation 150 x lo8 17 
Pulsed P o l a r i z a t i o n  Modulation 75 x lo8 14 
D i r e c t  I n t e n s i t y  Modulation 150 x lo8 17 
1 4  D i r e c t  P o l a r i z a t i o n  Modulation 75 x 10 8 
methods. Possibly,  t h e  output  s igna l - to -no i se  r a t i o s  r equ i r ed  t o  y i e l d  equa l  
q u a l i t y  f o r  analog and d i g i t a l  modulation techniques w i l l  be q u i t e  d i f f e r e n t .  
Furthermore, i t  seems l i k e l y  t h a t  t h e  r e l a t i v e  s u b j e c t i v e  q u a l i t y  of t h e s e  
techniques w i l l  depend upon t h e  p a r t i c u l a r  u se  t o  be made of t h e  wide bandwidth 
output .  
photons p e r  second 
na l - to-noise  r a t i o  f o r  t h e  va r ious  t y p e s  of modulation l i s t e d  and assuming 
a 5-MHz bandwidth. 
Table A - 1  shows a comparison of R t h e  average number of rece ived  * 0’ 
a t  peak modulation r equ i r ed  t o  o b t a i n  a 30-dB output  s i g -  
TABLE A - 1  
PCM--Intensity Keying 
PCM--Polarization Keying 
8 
8 
3.2 x 10 
3.2 x 10 
8 2.9 x 10 PCM--Polarization Keying wi th  Er ro r  Correc t ion  Code 
0 
0 
- 0.4 
The r e s u l t s  i n d i c a t e  t h a t  f o r  a f i x e d  output  s i g n a l - t o - n o i s e  r a t i o  of 
30 dB, t h e  PCM modulation techniques w i l l  r e q u i r e  s u b s t a n t i a l l y  l e s s  peak 
t r a n s m i t t e r  output  power than t h e  analog t echn iques .  On t h e  o t h e r  hand, a 
PCM system would be cons iderably  more complex than  an analog system and, be- 
cause of t h e  wider modulator bandwidth r equ i r ed ,  would r e q u i r e  more modulator 
d r i v e  power than t h e  analog system. 
account be fo re  a choice  can be made between t h e  v a r i o u s  modulator systems con- 
s i d e r e d  h e r e i n .  
These and o t h e r  f a c t o r s  must be taken i n t o  
Only two of t h e  assumptions made i n  t h e  i n v e s t i g a t i o n s  a r e  
* 
Only those  photons which produce an output  from t h e  pho tode tec to r  a r e  con- 
s ide red ,  so  de t ec to r  e f f i c i e n c y  does no t  e n t e r  i n t o  t h e  r e s u l t s .  
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be l ieved  t o  c r i t i c a l l y  a f f e c t  t h e  v a l i d i t y  of t h e  comparisons of t h e  va r ious  
systems. One i s  t h e  assumption regard ing  t h e  r e l a t i v e  q u a l i t y  of ana log  and 
d i g i t a l  systems a t  equa l  output  s igna l - to -no i se  r a t i o s .  The o t h e r  i s  t h e  
assumption t h a t  an o p t i c a l  p o l a r i z a t i o n  ana lyze r  can d i s t i n g u i s h  between two 
or thogonal  s t a t e s  of p o l a r i z a t i o n  a t  extremely low photon a r r i v a l  r a t e s .  
A . 3  ANALYSIS 
A .  3 . 1  Pulsed I n t e n s i t y  Modulation 
I n  t h e  form of modulation considered he re  t h e  s i g n a l  X ( t )  i s  sampled 
1 
at t h e  Nyquist r a t e  of 2 W  samples per  second. Each sample i s  s t r e t c h e d  (box- 
c a r r e d )  t o  a du ra t ion  of - seconds and i n t e n s i t y  (power) modulates t h e  o p t i -  
c a l  c a r r i e r .  Correspondingly,  t h e  photodetector  conve r t s  l i g h t  i n t e n s i t y  i n t o  
vo l t age  pu l ses  so  t h a t  t h e  o v e r a l l  t r a n s f e r  func t ion  of t h e  modulator and de- 
modulator i s  ful l -wave l i n e a r .  The s i g n a l  i s  recovered by averaging t h e  r e -  
ce ived  l i g h t  i n t e n s i t y  over each sample i n t e r v a l  and p u t t i n g  t h e  average,  i n  
t h e  form of impulses each of whose s t r e n g t h  i s  equal  t o  i t s  corresponding 
sample average,  i n t o  a low-pass f i l t e r  whose bandwidth i s  equa l  t o  t h e  s i g n a l  
bandwidth. The model he re  i s  somewhat o p t i m i s t i c  i n  t h a t  i n  p r a c t i c e  one 
must sample a t  a r a t e  s l i g h t l y  higher  than  t h e  t h e o r e t i c a l  Nyquist r a t e  i n  
o rde r  t o  permit p r a c t i c a l  f i l t e r s  t o  be used. The e r r o r  i s  n e g l i g i b l e  f o r  
t h e  p r e s e n t  purposes,  however. 
1 
2w 
Let R be t h e  average number of photons rece ived  dur ing  a sample i n t e r -  
S 
v a l  when x ( t )  t a k e s  on i t s  l a r g e s t  va lue  ( x  = 1). 
t h e  photodetec tor  i s  such t h a t  each photon produces a u n i t  impulse of vo l t age .  
Let  z ( t  ) be t h e  number of photons rece ived  dur ing  t h e  n s a m p l e  i n t e r v a l .  
Then z(t ) i s  a Poisson random v a r i a b l e  wi th  average va lue  R s n  ~ ( t  ) .  
a b i l i t y  d i s t r i b u t i o n  of z ( t , )  i s  
Assume t h a t  t h e  ga in  of 
t h  
n 
The prob- n 
I. 
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and i t s  var iance  is  equal  t o  i t s  average va lue  R s n  X ( t  ) .  
X ( t )  i s  obtained by count ing t h e  number of photons rece ived  i n  t h e  sample i n -  
t e r v a l  and d iv id ing  by Rs. 
The output  s i g n a l  
That i s ,  
A 
The expected value of error  i n  X ( t  ) i s  zero .  The va r i ance  of t h e  e s t ima te ,  n 
given ~ ( t , ) ,  i s  
( A - 3 )  
The uncondi t iona l  var iance  i s  found by averaging over a l l  p o s s i b l e  va lues  of 
X( tn) 
1 
2 R  
1 
A 1 v a r  ( x )  = - XdX = - 
S Rs 0 
The s i g n a l  power i s  
( A - 4 )  
( A - 5 )  
The s igna l - to-noise  r a t i o  of t h e  r e c o n s t i t u t e d  s i g n a l  X ( t )  i s  equal  t o  
t h e  s igna l - to-noise  r a t i o  of i t s  sample va lues  X ( t n ) ,  which i s  given by 
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F i n a l l y ,  t h e  r equ i r ed  photon r a t e  p e r  second R i s  g iven  by 
0 
3 
0 s 2  
R = (2W)R = -. (2W)(SNR) (A-7) 
6 
Taking W = 5 x 10 and SNR = 1000, R 0 = 1.5 x 10" photons/second. ( A - 8 )  
A . 3 . 2  Pulsed P o l a r i z a t i o n  Moduiation 
Th i s  type of modulation d i f f e r s  from pulsed i n t e n s i t y  modulation as 
descr ibed  i n  t h e  previous Sec t ion  i n  t h a t  t h e  s t r e t c h e d  samples  of t h e  s i g n a l  
x ( t )  a r e  used t o  c o n t r o l  t h e  p o l a r i z a t i o n  of t h e  o p t i c a l  c a r r i e r  r a t h e r  than  
t h e  i n t e n s i t y  of t h e  o p t i c a l  c a r r i e r .  
of energy t r ansmi t t ed  i n  each of two or thogonal  s ta tes  of p o l a r i z a t i o n .  
two s t a t e s  of p o l a r i z a t i o n  could be r i g h t  and l e f t  c i r c u l a r  p o l a r i z a t i o n  o r  
two or thogonal  plane p o l a r i z a t i o n s ,  f o r  example. 
The s i g n a l  changes t h e  r e l a t i v e  amounts 
The 
L e t  S ( t  ) and S ( t  ) r ep resen t  t h e  i n t e n s i t y  of t h e  two p o l a r i z a t i o n  1 n  2 n  
components o f  t h e  o p t i c a l  c a r r i e r .  Then, 
'2 i tn)  = X(tn) ' s  ( A -  10) 
where S 
n o n l i n e a r i t y  of t h e  p o l a r i z a t i o n  modulator i s  assumed t o  be compensated f o r  
by p r e d i s t o r t i n g  x( t)  t o  g ive  a l i n e a r  o v e r a l l  c h a r a c t e r i s t i c .  
i s  t h e  t o t a l  t r ansmi t t ed  energy per  Nyquist sampling i n t e r v a l .  Any 
S 
The r e c e i v e r  i s  assumed t o  conta in  a p o l a r i z a t i o n  ana lyze r  and photo- 
d e t e c t o r  matched t o  each of t h e  two s t a t e s  of p o l a r i z a t i o n .  Cross - t a lk  between 
t h  
d e t e c t o r s  i s  assumed n e g l i g i b l e .  Let z (t ) and z ii; ) be  the total -*-I.- L l C I l l l "  c L 1 n  2 n  
of photons de t ec t ed  by each of t h e  two d e t e c t o r s  dur ing  t h e  n 
val ,  and l e t  R 
z , ( t  ) and z ( t  ) a r e  independent Poisson random v a r i a b l e s  w i t h  expected va lues  
sample  i n t e r -  
be t h e  expected value of t h e  sum of z l ( tn)  and z2( tn) . Then 
S 
n 2 n  
Rs and x( t n ) R s ,  r e s p e c t i v e l y .  I 1  - Xitn)I  
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The output samples a r e  formed from z1 and z2 by t h e  fol lowing ope ra t ion  
(A- 11) 
The expected value of 2( tn)  i s  i(tn) so t h e  expected va lue  of t h e  e r r o r  i s  
zero .  The var iance  of i(t ) i s  n 
A 1 
var (x) = 
PRS 1 
v a r  (z2) + v a r  
xRS + ( 1-x)RS ( A - 1 2 )  
2 
The expected value of x (t,) w a s  found previous ly  t o  be 1 / 3 ,  so  t h e  s i g n a l - t o -  
no i se  r a t i o  i s  
SNR = 3 4 Rs ( A - 1 3 )  
and 
3 = 2WR = 7 (2W)(SNR) Ro S 
6 Taking W = 5 x 10 Hz and SNR = 100 g ives  
9 Ro = 7.5 x 10 photons/second 
(A- 14) 
(A-15) 
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A . 3 . 3  Direc t  I n t e n s i t y  Modulation 
I n  t h i s  c a s e  t h e  s i g n a l  i s  not  sampled and boxcarred, bu t  modulates 
t h e  i n t e n s i t y  of t h e  t r ansmi t t ed  l i g h t  d i r e c t l y  so  t h a t  t h e  average ra te  of 
photon emission i s  p ropor t iona l  t o  X ( t ) .  The expected value of t h e  r a t e  of 
a r r i v a l  of photons a t  t h e  r e c e i v e r  l ikewise  i s  p ropor t iona l  t o  x ( t ) .  
c e i v e r  c o n s i s t s  of a photodetec tor  and a pos t -de t ec t ion  f i l t e r .  
f i l t e r  and t h e  periuiilldfice of thc sys tem I-isLng t h a t  f i l t e r  are found below. 
The r e -  
The optimum 
The system can be modeled a s  shown i n  F igure  A - 1 .  The f i l t e r  w i th  f r e -  
quency func t ion  H ( f )  i s  chosen t o  minimize t h e  mean-square e r r o r  of t h e  e s t i -  
mate of t h e  t ime-varying p a r t  of t h e  t r ansmi t t ed  s i g n a l  and r e j e c t s  t h e  con- 
s t a n t  p a r t  of t h e  rece ived  s i g n a l .  The mean va lue  of X( t )  i s  assumed t o  be 
r e i n s e r t e d  s e p a r a t e l y  a t  t h e  r e c e i v e r .  The process  R l ( t )  i s  a sequence of 
u n i t y  impulses  occurr ing  a t  random wi th  an average r a t e  of x ( t )Ro  impulses 
per  second and r e p r e s e n t s  t h e  modulated photon c a r r i e r  s i g n a l .  
Figure A-I . Model of Direct Intensity Modulation System. 
The optimum f i l t e r  ( n o t  n e c e s s a r i l y  r e a l i z a b l e )  from t h e  po in t  of v i e w  
A 2  * 
of minimizing t h e  expected va lue  of ( X I  - X I )  i s  given by 
( A -  16)  
- 
where x l ( t )  = ~ ( t )  - x i s  t h e  t ime-varying p a r t  of ~ ( t ) ,  S y ( f )  i s  t h e  power 
s p e c t r a l  d e n s i t y  of t h e  random process y(  t ) ,  and S ( f )  i s  t h e  c r o s s - s P e c t r a l  
d e n s i t y  of  X 1 ( t )  and y ( t ) .  The s i g n a l  and y ( t )  a r e  assumed t o  be a t  l e a s t  
X '  Y 
* 
See, f o r  example, Davenport and Root, Random S igna l s  and Noise. 
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weakly s t a t i o n a r y .  
of s t r e n g t h  - occurr ing randomly i n  t i m e  w i t h  an expected r a t e  of X ( t ) R o  
The process  y ( t )  can be regarded as a sequence of impulses 
1 
RO 
impulses/second. I n  o rde r  t o  ob ta in  S ( f )  and S ( f ) ,  t h e  corresponding 
c o r r e l a t i o n  func t ion  R ( 7 )  and F ( 7 )  w i l l  be  c a l c u l a t e d .  This  i s  done by 
f i r s t  regard ing  each impulse of y ( t )  as a f i n i t e  pu l se  of wid th  E and he igh t  
X ’ Y  Y 
x’  Y Y 
- and then l e t t i n g  E tend t o  zero .  
ERO 
Two cases must be cons idered  
R y ( 7 )  = 1 i m  R ( 7 )  = 6 ( 7 )  + R X ( 7 )  
Y E  RO 
E A  
From cases  A and B i t  can be seen t h a t  f o r  a l l  7 
R y ( T )  = 6 ( 7 )  + R X ( 7 )  
RO 
A - 8  
( A - 1 8 )  
( A -  19) 
( A - 2 0 )  
( A - 2 1 )  
f roni which 
-2 s ( f )  = 5 + s (f) = + x 6 ( f )  + S ' ( f )  
X X Y 0 0 
The c r o s s  c o r r e l a t i o n  R ( 7 )  i s  given by 
X '  Y 
R X '  Y ( 7 )  = E { / ~ X ~ W (  I+  x ( t + ~ ) l }  
= R k ( 7 )  
which g i v e s  
The optimum f i l t e r  i s ,  t h e r e f o r e ,  
sx, ( f )  
( f )  + y2 6 ( f )  
H ( f )  = - 
h + s 
X' 
S 
R 
( A - 2 2 )  
( A - 2 3 )  
( A - 2 4 )  
( A - 2 5 )  
2 
X 2w 
U 
X I f  S , ( f )  i s  a r ec t angu la r  power spectrum of d e n s i t y  - between -W Hz 
and W Hz then H( f )  i s  a r ec t angu la r  frequency func t ion  between -W Hz and W Hz 
except  f o r  a ze ro  a t  DC. 
( A - 2 6 )  
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This frequency function is not strictly realizable as a practical fi1- 
ter, but can be approximated quite well. 
The output noise power is the mean-square difference between xl( t) and * 
;l(t) and if the optimum filter is used is given by 
N = a  - Sy(f) H ( f ) 2  df 
X -a 
- u4 df 
2w x 
X -w + u2 + 2wT2 6(f) 
X 
RO 
2Wh u2 
The output signal-to-noise ratio is given by 
2 -2 (3 2 + -2 x Ro(l + y2) 
- X Q + x  
N 
X 
2w; - 2 +  U 
SNR = 
X 
(A-27) 
(A-28) 
2 1  If the signal X(t) is uniformly distributed between 0 and 1, ox = 12 
'I I and TI = z giving 
2 Ro SNR = 4 + - -  3 2w (A-29) 
* 
Davenport and Root, op. cit. 
~ 
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Solving f o r  R one ob ta ins  t h e  f i n a l  r e s u l t  
0' 
= - 3 (2W)(SNR-4) 3  (BW)(SNR) (A-30) Ro 2 
For  a h igh  output  s igna l - to -no i se  r a t i o ,  t h e r e f o r e ,  t h e  r equ i r ed  photon ra tes  
f o r  d i r e c t  i n t e n s i t y  modulation and f o r  pulsed i n t e n s i t y  modulation are equal .  
A.3.4 Direct P o l a r i z a t i o n  Modulation 
This  form of modulation d i f f e r s  from pulsed p o l a r i z a t i o n  modulation 
i n  t h a t  t h e  s i g n a l  i s  not  sampled and boxcarred but  modulates t h e  po la r i za -  
t i o n  of the o p t i c a l  carr ier  d i r e c t l y .  The receiver cont inuously forms t h e  
q u a n t i t y  : 
and f i l t e r s  i t  w i t h  a f i l t e r  having frequency func t ion  H( f )  t o  ob ta in  the b e s t  
estimate of X 1 ( t ) ,  t h e  t ime-varying p a r t  of X ( t ) .  
t h e  output  s i g n a l s  of two photodetec tors ,  each of which i s  matched t o  one of 
t h e  two p o l a r i z a t i o n  components of t he  rece ived  s i g n a l  and i s  assumed t o  con- 
s i s t  of a random sequence of u n i t  impulses--one impulse f o r  each de tec t ed  
phcton. The q u a n t i t y  R i s  t h e  average number of photons pe r  second d e t e c t e d  
by both  d e t e c t o r s .  
Here z l ( t )  and z 2 ( t )  a r e  
0 
The a n a l y s i s  of t h e  optimum f i l t e r  and t h e  performance of t h i s  case i s  
very  s imi la r  t o  t h a t  f o r  t h e  case of d i r e c t  AM and i s  omit ted here. The o p t i -  
mum f i l t e r  t u r n s  out  t o  have t h e  same frequency func t ion  ( excep t  f o r  a ga in  
co i i s tan t )  8 s  fnr the d.lrect AM case. The output  s igna l - to -no i se  r a t i o  and re- 
qu i r ed  photon r a t e s  are 
R 4 0  SNR = 4 + - -  3 2w 
( ZW) ( SNR) Ro = (2W)(SNR-4) 7 
3 
(A-32) 
(A-33) 
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The photon rate required for high values of the signal-to-noise ratio is ap- 
proximately equal to that required in the case of pulsed polarizationmmodulation. 
A.3.5 Pulse Code Modulation--Intensity Keying 
In this case the signal is sampled at or above the Nyquist rate, quant- 
M ized into L = 2 
off keying the optical carrier. 
and "off" to a binary 6. 
cuitry which determine whether or not at least one photon is received during 
a given binary digit (bit) interval. 
rent have been assumed negligibly small, an error in determining the identity 
of a given received bit will occur if and only if a binary 1 is transmitted 
and no photons are detected during the bit interval. 
mitted the number of photons detected during the bit interval is a Poisson 
random variable with average value Ro, and the probability of detecting exactly 
n photons during the bit interval is 
levels, and transmitted as a series of binary numbers by on- 
"On1' is assumed to correspond to a binary 1 
The receiver contains a photodetector and other cir- 
Since background radiation and dark cur- 
When a binary 1 is trans- 
e-%% 
n! P(n) = (A- 34) 
If all L signal levels are equally likely, as assumed, then the PCM 
The probability bits will take on the values 0 and 1 with equal probability. 
of error P of an arbitrarily selected received bit is, therefore. b 
1 
pb = 5 P(O) = e-% (A-35) 
In order to determine the required value of E$, it is necessary to assign an 
allowable value for Pb. Unfortunately, no data have been found which would 
indicate what bit error rate is required in a PCM system to give signal quality 
equal to that of an analog system operating at a given output signal-to-noise 
ratio. Lacking this information, it will be assumed, for purposes of prelimin- 
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ary comparison, that the quality of the two systems are equal when their out- 
put signal-to-noise ratios are equal. In the case of PCM signal, the out- 
put noise consists of two parts, quantization noise and noise arising from 
bit errors. 
* 
The quantization noise power N is equal to the variance of the quanti- 
Q 
zation error which for the assumed uniform distribution of X(t) is 
1 N = -  (A-36) 
In order to evaluate the noise N 
ceiver's estimate ~ ( t  ) of the nth sample value of the signal ~ ( t )  is written 
as 
caused by bit transmission errors the re- b 
n 
(A-37) 
where a 
E (  t ) be the error X( tn) - x( tn) in the n 
is the value, 0 or 1, of the kth digit of the PCM word. Now, let 
sample. Then E (  t ) can be ex- A th 
k 
n n 
pressed as 
(A-38) 
where, since the a are equally likely to be 0 or 1, the probability distribu- 
tion of ck is 
k 
-~ * This assumption has been made also by other investigators, including those 
responsible for Hughes Aircraft Company's Deep Space Optical Communications 
System Study . 
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( A - 3 9 )  
The occurrence of e r r o r s  i n  t h e  va r ious  b i t s  i s  assumed t o  be independ- 
Since the ck have ze ro  mean and a r e  independent 
* 
e n t .  
Pb M - 1  (4M - l ) P b  
= -  4 k =  
L 2 k=O 3L2 
( L 2  - l ) P h  
The t o t a l  no i se  power N i s  t h e  sum of N and Nb 
9 
L2 - 1 N = -  
3L2 pb 
and the s igna l - to-noise  r a t i o  i s  
4L2 
1 + 4 L  Pb 2 
d X 2 )  = 1/3 = 4L2 z 
1 + 4 ( L 2  - l ) P b  N SNR = 
( A - 4 0 )  
( A - 4 1 )  
( A - 4 2 )  
The e r r o r  p robab i l i t y  Pb depends upon L for any given va lue  of RS, t h e  number 
of photons per  sample, s ince  
* 
This  assumption i s  not  a v a l i d  one i f ,  f o r  example, t h e  s i g n a l  undergoes 
slow fading.  
A- 14 
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S RS %=x=- L 
log2 
R 
(A-43) 
Therefore ,  t h e r e  e x i s t s  an optimum value of L f o r  each va lue  of t he  s igna l - to -  
no ise  r a t i o  which minimizes t h e  required va lue  of R . The l a s t  form of Equa- 
t i o n  (~-42) gives 
S 
1 1 - - _ -  
'b - SNR 4L2 (A-44) 
A t r i a l - a n d - e r r o r  s o l u t i o n  f o r  SNR = 1000 g ives  t h e  following optimum 
values  f o r  L, P and R., b' 
L = 32 (5 b i t  PCM) 
-4 Pb = 7.5 x 10 
% = 6.4 photons p e r  b i t  
The r equ i r ed  photon ra te  per  second i s  
8 
= 6.4 x 5 x lo7 = 3.2 x 10 photons/second 
RO 
A.3.6 Pulse  Code Modulation--Polarization Keying 
This  form of modulation i s  similar t o  PCM wi th  i n t e n s i t y  keying except 
t h a t  t h e  PCM b i t s  a r e  t r ansmi t t ed  as one of two orthogonal s t a t e s  of po la r i za -  
t i o n  of t h e  o p t i c a l  carrier.  
and photodetec tor  mai;ciied t z l  each of the  two states of p o l a r i z a t i o n  and makes 
b i t  d e c i s i o n s  according t o  which de tec to r  responds t o  more photons during t h e  
b i t  t ransmiss ion  i n t e r v a l .  
The r ece ive r  con ta ins  a p o l a r i z a t i o n  ana lyzer  
There i s  some u n c e r t a i n t y  a s  t o  t h e  amount of c r o s s  t a l k  t o  be expected 
between t h e  two photodetectors  a t  low photon rates. It i s  not  obvious whether 
o r  no t  a r i g h t  c i r c u l a r  po la r i za t ion  analyzer ,  f o r  example, completely r e j e c t s  
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l e f t  c i r c u l a r l y  polar ized  l i g h t  when t h e  photon rate i s  very  low. 
t a l k  w i l l  be assumed t o  be n e g l i g i b l e  f o r  t h e  present  a n a l y s i s .  
i s  e a s i l y  modified t o  t ake  c r o s s  t a l k  i n t o  account. 
The c r o s s  
The a n a l y s i s  
Under the assumption of no background no i se  nor  d e t e c t o r  no ise ,  a b i t  
e r r o r  can be made only i f  no photons are rece ived  by e i t h e r  photodetector ,  i n  
which case  an e r r o r  w i l l  be made wi th  p r o b a b i l i t y  1/2 (assuming t r ansmi t t ed  
b i t s  are equal ly  l i k e l y  t o  be 0 o r  1). 
rece ived  per  b i t .  
L e t  % be t h e  expected number of photons 
Then the  p r o b a b i l i t y  of e r r o r  per  b i t  i s ,  from Equation 
( A - 3 4 )  
pb = e'Rb ( A - 4 5 )  
as i n  t h e  case of PCM wi th  i n t e n s i t y  keying. 
to -noise  r a t i o  and t h e  r equ i r ed  photon ra te  Ro apply t o  t h e  present  case, and 
t h e  numerical r e s u l t s  obtained hold a l s o .  
The ana lyses  of t h e  output  s i g n a l -  
Therefore,  t he  performance of PCM w i t h  i n t e n s i t y  keying i s  equal  t o  
t h a t  of PCM wi th  p o l a r i z a t i o n  keying under t h e  cond i t ions  assumed. 
formance of t h e  lat ter can be improved s l i g h t l y  by employing a very  simple 
e r r o r  c o r r e c t i o n  technique. 
word, making a t o t a l  word l eng th  of M + 1 b i t s .  This  would permit t h e  receiver 
t o  f i l l  i n  a s i n g l e  omission ( f a i l u r e  t o  d e t e c t  any photons wi th  e i t h e r  photo- 
d e t e c t o r )  i n  a ( M  + 1 ) - b i t  word by choosing it two y i e l d  proper p a r i t y .  
though no exact  ana lys i s  of t h i s  technique has  been made i t  i s  poss ib l e  t o  
estimate t h e  e f f e c t  of coding. 
of each o the r  t he  p r o b a b i l i t y  of exac t ly  k omissions i n  an ( M  + 1) - b i t  word 
i s  
The pe r -  
A p a r i t y  check b i t  would be appended t o  each PCM 
A l -  
F i r s t  of a l l ,  i f  b i t  omissions are independent 
M + 1  k M-k+l 
'k = ( k )'bo(' - 'bo) k = 1, 2 ,  ... M + 1  ( A - 4 6 )  
where P If MPbo i s  very  s m a l l  t h e  prob- 
a b i l i t y  of two omissions i s  l a r g e  compared t o  t h e  p r o b a b i l i t y  of more than  two 
i s  t h e  p robab i l i t y  of b i t  omission. bo 
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omissions. 
main in the M information bits at the output of the error corrector is 
Approximately, therefore, the probability Pe that errors will re- 
3 -  3(M+l)M 2 
'e 7 '2 - 8 'bo (A-47) 
The factor UI 3/'4 arises h o ~ a 1 i s e  a probability of 1/4 exists that a 
random assignment of 0 or 1 to the two bit omission would be the correct one. 
A s  a further approximation, the error in a sample that results from two PCM 
bit errors is taken to be equal to that which would result from a single PCM 
bit error. 
is contributed by the highest order bit in error. Therefore, P of Equation 
( A - 4 7 )  can be substituted for Pb in Equation (A-44) to permit P 
sequently, the new value of Ro to be determined. 
M = 5 gives 
This is a reasonable approximation since most of the sample error 
e 
bo and, sub- 
Numerical evaluation for 
(A-48) 8 Ro = 2.9 x 10 photons per second 
This represents a 0.4 dB reduction compared to the system without error cor- 
rec t ion. 
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SIMPLE COMPARISON OF INTENSITY MODULATION VERSUS FREQUENCY MOWLATION 
OF AN INTENSITY MODULATED SUBCARRIER TECHNIQUE FOR NON- 
COHERENT LASER COMMUNICATIONS 
R .  1 INTRODUCTION 
An FM subca r r i e r  o p t i c a l  r ece ive r  i s  shown i n  the block ciittgi-ziii rf F l g ~ r e  
B - 1 .  I n  t h i s  r e c e i v e r ,  the  incoming wave c o n s i s t s  of an o p t i c a l  s i g n a l  whose 
i n t e n s i t y  i s  modulated s inuso ida l ly  by a high-frequency c a r r i e r .  The c a r r i e r  
i t s e l f  i s  frequency modulated wi th  the  information s i g n a l .  
n a l  i s  c o l l e c t e d  by the  o p t i c s  and focused through an o p t i c a l  f i l t e r  onto the  
photomul t ip l ie r  de t ec to r .  The frequency-modulated s u b c a r r i e r  i s  de tec ted  by 
the photomul t ip l ie r  t h a t  responds l i n e a r l y  t o  the  i n t e n s i t y  v a r i a t i o n s  of t he  
o p t i c a l  s i g n a l .  
The o p t i c a l  s i g -  
The s i g n a l  now i s  a conventional frequency-modulated wave and can e i t h e r  
be ampl i f ied  or  converted t o  another frequency. 
ampl i f i e r  i n  t he  convent ional  rece iver  would correspond t o  the  bandpass a m p l i -  
f i e r  of Figure B-1. I n  add i t ion ,  the  l i m i t e r ,  d i sc r imina tor ,  and low-pass 
f i l t e r  a r e  a l s o  convent ional .  
tube c u r r e n t  a r e  the predominant noise  source i n  the  system of Figure B - 1 .  
The s i g n a l  r a d i a t i o n  photon noise ,  background photon noise ,  and t h e  sho t  no ise  
of t he  photomul t ip l ie r  dark c u r r e n t  a l l  c o n t r i b u t e  t o  t h i s  c u r r e n t .  
The intermediate-frequency 
Random f l u c t u a t i o n s  ( s h o t  no ise)  i n  t h e  photo- 
* 
When a noncoherent o p t i c a l  rece iver  opera tes  wi th  t h i s  type of no i se  a s  
1 a l i m i t  of s e n s i t i v i t y ,  i t  i s  operat ing opt imal ly .  The l a r g e  n o i s e l e s s  ga in  
a v a i l a b l e  wi th  a photomul t ip l ie r  allows the  system t o  be designed f o r  t h i s  
l i m i t .  Thus, the  no i se  t h a t  w i l l  l i m i t  an  FM s u b c a r r i e r  o p t i c a l  r e c e i v e r  
should be the  sho t  no i se  i n  t he  photocurrent.  
* 
Another noise  source i s  the  low-frequency o p t i c a l  s i g n a l  s c i n t i l l a t i o n  pro- 
duced as t h e  s i g n a l  i s  propagated along a tu rbu len t  atmospheric path conta in-  
i ng  p a r c e l s  of a i r  of varying index of r e f r a c t i o n .  
i n  t h i s  d i scuss ion ,  because they can be removed by automatic ga in  c o n t r o l  
methods. 
This w i l l  be neglected 
B - 1  
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R . 2  S I G N A L  A N A L Y S I S  
For single frequency fm, the output signal e from the photomultiplier 
S 
is 
cos o t + p sin w t pmp 's R~ 
2 i c  m )  
e =  
S 
where 
G = the gain of the photomultiplier 
Pm 
p = responsivity of photo-cathode 
P = optical signal power (peak to peak) 
S 
RL = photomultiplier load resistor 
w = subcarrier circular frequency o = 27rfc) 
C ( c  
&d 
o- 
p = - = modulation index 
= maximum circular frequency deviation *d 
w = circular modulation frequency .m 
After further amplification by the bandpass amplifier and subsequent lim- 
iting, the signal enters the discriminator. 
proportional to the instantaneous frequency deviation from the carrier fre- 
quency. Thus, 
The discriminator output e is 
so 
e so = b(u-wc) ( B - 2 )  
where 
b = discriminator constant in volts/radian 
w = instantaneous circular frequency 
B - 3  
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Now 
I d o = - wct  + p s i n  omt dt ( 
and thus 
0 = 0 + pw cos umt 
C 
S u b s t i t u t i n g  Equation (B-4) i n t o  Equation ( B - 2 )  y i e l d s  
e = bAud cos omt so 
and the  mean s i g n a l  power So i n  a 1-ohm r e s i s t o r  i s  
b2 &: 
s = -  
0 2 
(33-3) 
(B-4) 
(B-5) 
B. 3 NOISE ANALYSIS 
The mean square shot  no ise  s p e c t r a l  dens i ty  77 a t  t he  output  of t h e  photo- 
1 m u l t i p l i e r  i s  : 
where 
e = e l e c t r o n i c  charge 
PB = o p t i c a l  background power passing through o p t i c a l  f i l t e r  
ID = photo-cathode dark c u r r e n t  
B-4 
1-6078 - 1 
Applying the  s i m p l i f i e d  a n a l y s i s  used by Schwartz, 2 i f  we assume t h e  no i se  i s  
r ep resen ted  by a d i s c r e t e  number of s ine  waves spaced by a frequency b / 2 n  
and  each wave having a mean square vo l t age  of qAw/2n, then the  no i se  component 
a t  a frequency w + (3 s i n  w t + w i s  
C rn 
Then adding the  noise  of Equation (B-8) t o  t h e  s i g n a l  given by Equation ( B - 1 )  
r e s u l t s  i n  
where 
where 
and 
1 cos o t + B s i n  w t + 0 i c  n 
(en)max sin at 
kslmax + (en)max cos wt c ) =  
I f  
>> 1 ( es) max 
( en) max 
(B-9) 
( B-10) 
( B - 1 1 )  
( B-12) 
(B-13) 
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then 
(e  ) s i n  wt n max 
s 1 max O =  ( B-14)  
The l i m i t e r  removes the  amplitude modulation due t o  the  noise .  The no i se  
output  of the  d iscr imina tor  e i s  no 
de e = b -  no d t  
(en)max cos wt 
no e s max 
The mean square noise  vol tage  con t r ibu t ion  a t  one frequency i s  
-2 b202(e n ) 2  max 
e =  no 
s u b s t i t u t i n g  f o r  ( en)max i n  Equation ( B - 1 7 )  g ives  
( B - 1 5 )  
( B - 1 6 )  
( B - 1 7 )  
( B - 1 8 )  
If t he  low-pass f i l t e r  i s  ad jus t ed  t o  pass f requencies  up t o  fm, t h e  
t o t a l  no ise  power i n  the  f i l t e r  bandwidth i s  obta ined  by i n t e g r a t i n g  a l l  t h e  
A0 con t r ibu t ions  i n  Equations ( B - 1 8 )  from -om/2n t o  +om/2n. Performing t h i s  
opera t ion  g ives  the  fol lowing value f o r  the  no i se  power N i n  a 1-ohm r e s i s t o r .  
0 
B-6 
B .  4 SIGNAL-TO-NOISE RATIO 
The mean s i g n a l  power t o  no i se  power r a t i o  u s i n g  Equations ( B - 6 )  and 
( B - 1 9 )  and s u b s t i t u t i n g  9 f o r  &dum y ie lds  
S u b s t i t u t i n g  f o r  (es )max and 77 gives  
n 
S 2 2 2  - 3P P ps - -  
N 0 - 32 efm(pPs+ pPB+ ID) 
( B - 2 0 )  
( B - 2 1 )  
as t h e  s i g n a l - t o - n o i s e  r a t i o  f o r  t he  FM system. Equation ( B - 2 1 )  holds  only 
when t h e  s igna l - to -no i se  r a t i o  a t  t he  inpu t  t o  the  l i m i t e r  i s  l a rge .  The 
mean s igna l - to -no i se  r a t i o  a t  t h i s  point  may be obta ined  by tak ing  the  mean 
square va lue  of Equation ( B - 1 )  and d iv id ing  i t  by t h e  mean square n o i s e  of 
Equation ( B - 7 )  i n  t h e  bandpass ampl i f i e r  bandwidth Ma. 
by Equation ( B - 2 2 ) .  
The r e s u l t  i s  given 
[#I o inpu t  = 
and t h e  r e l a t i o n s h i p  between the  output  s igna l - to -no i se  and inpu t  s i g n a l - t o -  
n o i s e  i s  
( B - 2 3 )  
For a corresponding amplitude modulated r e c e i v e r  as compared t o  a f r e -  
quency-modulated r e c e i v e r  the  r a t i o  of Equation ( B - 2 )  t o  Equation (B-22)  f o r  
f m  = of shows t h e  r e l a t i v e  performance t o  be a 
B - 7  
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[q FM = z 3 2  P p-1 
0 o m  
(B-24) 
Note t h a t  i n  o rde r  t o  g e t  an improvement i n  performance u s i n g  FM t h e  
modulation index must s a t i s f y  t h e  r e l a t i o n  
P 2 0.82 (B-25) 
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